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GAS-PHASE  REACTIONS  OF 
BIS (CYCLOPENTADIENYL) METHYL  ZIRCONIUM( 1+) 
WITH  UNSATURATED  HYDROCARBONS  AND  NITRILES 

By 
Charles  Stewart  Christ,  Jr. 

May,  1989 

Chairman:   David  E.  Richardson,  Ph.D. 
Major  Department:   Chemistry 

The  solution  phase  investigation  of  d°  and  d°fn  electron- 
deficient  lanthanide,  actinide  and  transition  metal 
organometallic  complexes  such  as  Cp2ZrCH3 (CH3CN)n+  (n  =  1,  2) 
and  Cp  2ScCH3+,  (Cp*  =  pentamethylcyclopentadienyl) ,  has 
revealed  a  high  reactivity  toward  hydrocarbon  and  nitrogen 
containing  hydrocarbon  substrates.  A  similar  reactivity  is 
observed  in  the  gas-phase  reactions  of  Cp2ZrCH3+,  1,  (Cp  = 
Cyclopentadienyl ) .  The  present  work  is  a  report  on  the  gas- 
phase  reactions  of  1  with  dihydrogen  and  a  variety  of  alkenes, 
alkynes,  and  nitriles.  Whenever  possible  a  direct  comparison 
to   the   solution   reactivity   of   analogous   complexes   is 


IX 


presented.   Some  thermodynamic  information  is  also  given  and 
labelled  compounds  were  used  in  mechanistic  investigations. 

Cp2ZrCH3+  generally  reacts  with  hydrocarbons  and  nitriles 
by  the  two  well  known  mechanistic  seguences,  migratory 
insertion  and  carbon-hydrogen  activation.  Ethylene  is 
polymerized  by  1  and  similar  complexes  in  solution,  but 
polymerization  is  not  observed  in  the  gas-phase.  Reasons  for 
this  difference  in  reactivity  are  given  and  additional 
information  on  the  effects  of  the  gas-phase  medium  on  the 
reactions  of  1  is  also  offered. 

Although  a  great  deal  of  specific  reaction  data  is 
compiled,  the  main  thrust  of  the  research  is  to  illustrate  the 
usefulness  of  gas-phase  techniques  in  further  understanding 
the  reactivity  of  organometallic  complexes  in  solution  and  the 
gas-phase.  In  the  short  time  of  this  research  all  of  the 
basic  reaction  seguences,  insertion  of  alkenes,  alkynes,  and 
nitriles,  fi-hydride  shift,  6-methide  shift,  and  a  number  of 
C-H  activation  reactions,  have  been  observed  in  the  reactions 
of  1,  which  indicates  the  possibility  of  extending  this  type 
of  study  to  other  organometallic  systems. 


CHAPTER  1 
GENERAL  INTRODUCTION 


Scope 

The  reactivity  of  Cp2ZrCH3+  in  the  gas-phase  is 
directly  comparable  to  the  reactivity  of  analogous  d°  and 
d°fn  metal  complexes  in  solution.   The  initial  synthesis  and 
study  of  isolated  lanthanide,  actinide  and  transition  metal 
alkyl  complexes  in  condensed  phase  is  in  many  cases  directly 
related  to  the  study  of  Ziegler-Natta  polymerization 
systems. 

The  objectives  of  the  present  research  are  threefold. 
First,  the  mechanism  of  Ziegler-Natta  polymerization  has 
been  under  investigation  for  over  thirty  years.   Since 
cationic  metal-alkyls  similar  to  Cp2ZrCH3+  have  been 
implicated  as  possible  active  species,  the  present  work 
seeks  to  add  support  to  this  assertion.   Second, 
investigations  of  solvent  free  organometallic  complex  ions 
are  not  numerous  and  we  believe  much  can  be  learned  by 
gas-phase  studies.   Therefore  we  intend  to  show  that  the 
Fourier  Transform  Ion  Cyclotron  Resonance  technigue  presents 
a  unigue  opportunity  to  characterize  the  intrinsic 
reactivity  of  a  well-studied  homogeneous  ethylene 
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polymerization  catalyst.   Finally,  this  study  attempts  to 
make  meaningful  comparisons  to  the  reactions  of  solution 
analogues  and  perhaps  present  a  new  and  useful  perspective 
on  condensed  phase  reactions  and  proposed  mechanisms. 

The  subject  of  Ziegler-Natta  catalysis  is  discussed  in 
some  detail  in  the  opening  portion  of  this  introduction. 
This  discussion  seems  appropriate  since  the  vast  majority  of 
publications  that  mention  Ziegler-Natta  catalysis  assume 
that  the  reader  has  a  working  knowledge.   Therefore  a  brief 
review  of  Ziegler-Natta  catalysis  is  prudent  and  necessary 
for  a  complete  understanding  of  the  material  to  be 
presented. 

The  tremendously  extensive  research  literature 
associated  with  the  catalytic  mixture  is  so  large  that  no 
authors  have  ever  attempted  an  exhaustive  review.   One 
source  indicates  that  25  years  after  the  first  report 
appeared  over  ten  thousand  distinct  journal  articles  and 
patents  regarding  Ziegler-Natta  catalysts  had  appeared.1 
Thus,  the  introduction  to  this  manuscript  will  only  seek  to 
acquaint  the  reader  with  some  of  the  salient  background 
features  of  Ziegler-Natta  catalysis.   In  addition,  a  brief 
review  of  the  closely  related  reactivity  known  as  carbon- 
hydrogen  activation  is  also  included.2'3'4 

Ziegler-Natta  Catalysis 

In  the  fall  of  1953  K.  Ziegler  discovered  a  catalytic 
system  that  produced  high  density  polyethylene  under  mild 


3 
conditions.   Polyethylene  was  commercially  available; 
however,  high  pressures  were  required  for  the 
polymerization.   During  of  the  following  year,  G.  Natta  also 
became  involved  by  reporting  the  formation  of  isotactic 
polypropylene.1  The  chain  of  events  resulting  from  the 
development  of  Ziegler-Natta  catalysts  has  indeed  played  an 
extremely  important  role  in  the  evolution  of  organometallic 
chemistry.1'5-10'11'12   Its  effect  on  the  chemical  industry 
was  profound  since  not  only  were  new  processes  being 
developed  but  a  range  of  new  products  were  being  synthesized 
and  the  polymer  industry  kept  growing.   In  fact,  one 
estimate  states  that  the  products  arising  from  this 
technology  in  1980  were  worth  nearly  9  billion  dollars.13 

As  in  many  instances,  commercial  processes  and 
applications  were  largely  refined  long  before  a  clear 
understanding  of  the  nature  of  the  system  had  been 
rendered.9   Even  at  present  the  Ziegler-Natta  catalyst  and 
its  mode  of  action  are  not  exhaustively  understood. 
Nevertheless,  polymeric  materials  permeate  our  man-made 
surroundings  and  while  all  cannot  be  attributed  to  the 
single  event  of  discovery  in  1953,  the  total  worth  of  the 
technology  spawned  from  the  production  of  new  materials  and 
compounds  and  the  study  of  the  catalyst  systems  related  to 
their  synthesis  is  immense.10 

The  accepted  definition  of  a  Ziegler-Natta  catalyst  has 
itself  evolved.   As  stated  by  Boor1  and  derived  from  the 


4 
original  patent  definition,  the  catalyst  consists  of  a 
mixture  of  a  main  group  metal-alkyl  of  groups  I-III  and  a 
transition-metal  from  the  Ti,V,Cr,Mn,  and  Fe  triads, 
including  Sc,Th  and  U.   A  variety  of  mixtures  are  only 
active  under  certain  conditions,  and  certain  combinations 
employing  other  transition-metals  and  f-elements  are  also 
active.   For  example,  the  chromium  based  Phillips  catalyst 
and  the  Standard  of  Indiana  catalyst  are  extremely  active  in 
the  polymerization  of  ethylene  but  do  not  contain  a  main 
group  alkyl  and  therefore  do  not  fall  under  the  category  of 
Ziegler-Natta. 

One  reviewer  suggests  that  the  spirit  of  the  first 
Ziegler  catalyst  patents  would  even  include  the  numerous 
examples  of  isolated  metal-alkyl  complexes,  which  in  some 
cases  are  highly  active  in  the  polymerization  of  ethylene.9 
Some  examples  of  isolated  metal-alkyls  show  poor  activities 
in  homogenous  media  but  are  rather  active  when  supported  as 
heterogenous  catalysts.7 

Another  method  of  defining  the  Ziegler  catalyst  is 
dependent  on  classification  with  respect  to  the  mechanistic 
mode  of  action.9   In  many  instances  the  literature  refers  to 
the  Ziegler-Natta  catalyst  with  terms  such  as  "anionic 
coordination  polymerization"  or  simply  "coordination 
polymerization."14  Natta  is  apparently  responsible  in  part 
for  the  term  "anionic  coordination  polymerization,"  which 
arises  from  the  proposed  coordination  of  an  olefin  unit  to 
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the  metal  center  prior  to  insertion.15  Since  polarization 
of  the  metal-carbon  bond  is  likely,  the  term  anionic  was 
applied.   It  seems  probable  that  from  an  organic  viewpoint 
the  term  used  to  describe  the  polymerization  would 
correspond  to  the  organic  polymer  portion  of  the 
coordination  catalyst.   Thus  the  partial  negative  charge  on 
the  carbon  atom  residing  at  the  origin  of  polymer  growth 
yields  the  term  "anionic  coordination  polymerization". 
Indeed  the  electrophilic  polarizing  nature  of  the 
lanthanide,  actinide  and  early  transition-metal  alkyls  is  of 
prime  importance  in  the  activation  of  alkenes  toward 
polymerization  and  carbon-hydrogen  activating 
processes.'4'16"18  Confusion  in  terminology  arises  because 
of  the  diversity  in  experimental  results  and  proposed 
mechanisms  given  by  so  many  different  investigators. 
Mechanisms  for  the  polymerization  of  ethylene  by  anionic 
metal  catalyst  surfaces  have  also  been  asserted.19   However, 
the  majority  of  proposed  mechanisms  describe  the 
polarization  of  the  metal-carbon  bond  with  a  partial 
positive  charge  on  the  metal  center.   This  agrees  well  with 
implications  of  high  valent  transition  metal  catalytic 
active  sites.20-23 

The  term  coordination,  as  applied  to  the  catalyst, 
attempts  to  describe  one  mechanistic  feature  of  Ziegler 
systems  and  its  origin  is  immediately  evident  in  light  of 
the  abundance  of  the  olefin  w-complexes  isolated  by  reaction 


6 
of  Ni-dialkyls  with  olefins.24-26  The  binding  of  an  olefin 
in  effect  activates  the  metal-carbon  bonds  of  the  nickel 
complex  resulting  in  the  reductive  elimination  of  the  alkyl 
ligands.5'8  In  the  case  of  nickel-dialkyls,  polymerization 
does  not  occur.   However,  the  observed  reaction  presents 
evidence  for  the  initial  coordination  of  olefin  prior  to 
insertion.   In  several  cases  the  7r-complexes  were  isolated 
without  reductive  elimination  at  low  temperature. 

Homogeneous  Analogues  to  Ziegler-Natta  Catalysts 
The  heterogeneous  nature  of  Ziegler-Natta  catalysts 
render  them  unsuitable  for  mechanistic  study.6  Therefore, 
the  large  body  of  information  concerning  the  mechanism  by 
which  they  convert  alkenes  to  polymers  has  been  achieved 
through  the  study  of  homogeneous  analogues.   The  belief  that 
the  transition  metal  alkyl  or  hydride  was  the  active  species 
in  these  systems  lead  to  the  synthesis  and  study  of  a 
massive  number  of  organometallic  compounds  and  a  better 
understanding  of  the  two  component  heterogeneous 
catalysts.1'  5-8,11,17, 18, 28 , 29  0ne  reason  supporting  the 

notion  that  the  transition  metal  is  the  propagating  center 
was  the  discovery  of  transition  metal  catalysts  that 
polymerize  ethylene  without  the  presence  of  a  main  group 
alkyl.1 

The  fact  that  the  Ziegler-Natta  mixture  generated  the 
active  species  in  situ  from  an  alkylating  agent  and  a 
transition-metal  salt  portended  the  first  approach  of  the 
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organometallic  chemist.   An  alkylating  agent  was  generally 
used  in  conjunction  with  a  transition  metal  salt  just  as 
would  be  done  in  preparing  the  catalyst.   Instead  of  adding 
the  monomer,  attempts  were  made  to  isolate  the  transition 
metal  alkyls.   This  was  quite  difficult  because  addition  of 
water  was  the  normal  method  for  destroying  excess  alkylating 
agents  and  transition  metal  alkyl  were  also  destroyed  in 
this  process.   Great  strides  in  the  development  of  new 
synthetic  methods  occurred  yielding  a  great  number  of  new 
complexes.30,31  After  isolation  the  monomer  was  added  and 
the  reaction  monitored  by  spectroscopic  as  well  as  chemical 
techniques.   The  polymerization  of  ethylene  was  the  standard 
test  for  activity  because  it  is  generally  most  readily 
polymerized. 

Early  efforts  produced  complexes  such  as  Cl3TiCH3, 
Cl2CrCH3(THF)3,  and  (bipy)Ni(CH3)2  from  Ziegler  type 
reaction  mixtures.  In  many  cases  the  isolated  complexes  did 
polymerize  ethylene,  but  not  with  the  same  activity  as  the 
two  component  heterogeneous  systems .  ' w 

One  of  the  most  striking  properties  of  the  Ziegler- 
Natta  catalyst  was  its  function  in  producing  stereoregular 
polypropylene,19  particularly,  in  the  TiCl3/AlR3  system. 
However,  Cl3TiCH3  did  not  produce  isotactic  polypropylene. 
Nevertheless,  the  general  approach  of  isolating  transition 
metal  alkyl  and  hydride  complexes  to  be  studied  in 
homogeneous  reactions  continues  and  has  brought  a  greater 
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understanding  to  the  mechanism  and  controlling  factors  in 
Ziegler  systems. 

A  mechanism  was  proposed  by  Cossee  in  196426'32'33 
involving  steric  control  of  the  incoming  propylene  monomer 
by  the  structure  of  the  TiCl3  crystal  surface.   The  study 
included  an  in  depth  molecular  orbital  discussion  and 
invoked  an  octahedral  environment  surrounding  the  metal 
center  in  which  a  vacant  coordination  site  was  necessary  for 
interaction  with  monomer.   However,  no  universal  agreement 
has  been  achieved  regarding  the  exact  type  of  steric 
interaction  responsible. 

From  the  tremendous  effort  expended  in  seeking  to 
understand  how  the  Ziegler  systems  operated,  several  key 
conclusions  were  made.   (l)  The  transition  metal  alkyl  or 
hydride  bond  was  necessary  for  polymerization.   (2)  One 
propagating  center  per  transition  metal  was  active.   This 
was  by  no  means  unegui vocally  clear  due  to  the  complexity  of 
the  systems  being  studied.   (3)  The  role  of  aluminum 
compounds  was  at  least  two-fold.5'6'34  (a)  Aluminum  alkyls 
were  responsible  for  the  alkylation  of  the  transition  metal, 
(b)  Aluminum  compounds  stabilized  the  transition  metal 
alkyl,  presumably  by  preventing  deactivation  by  the 
interaction  of  two  transition  metal  centers.   (4)  The  ligand 
environment  can  induce  the  formation  of  isotactic  polymers 
and  the  growing  polymer  chain  also  influences 
stereoregularity.   (5)  Increasing  the  Lewis  acidity  of  the 
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metal  complex  increases  activity  for  polymerization.   (6)  An 
open  coordination  site  available  for  interaction  with 
incoming  monomer  is  essential.5'7'26  Several  studies 
indicate  the  retardation  of  polymerization  rate  by  addition 
of  coordinating  ligands  such  as  pyridine.   If  an  open 
coordination  site  is  not  available,  partial  dissociation  of 
a  ligand  may  be  the  rate  determining  step  for  initiation. 
In  the  case  of  allyl  metal  complexes  conversion  from  rj3  to 
771  seems  likely  for  initiation  of  polymerization.7   (7) 
Chain  termination  occurs  through  the  abstraction  of  a  B- 
hydrogen  and  elimination  of  the  polymer  with  an  unsaturated 
endgroup.   This  process  was  termed  B-elimination  and 
generates  a  metal  hydride  which  also  undergoes  insertion. 
(8)  Molecular  weight  control  by  addition  of  hydrogen  also 
yields  a  metal  hydride  and  a  polymer  with  a  saturated 
endgroup.   (9)  Terminal  alkenes  are  polymerized  much  more 
readily  than  internal  olefins.   In  fact  some  studies 
indicate  that  certain  catalysts  isomerize  internal  olefins 
to  terminal  olefins  before  polymerization  occurs.35 

By  the  mid-1970 's  the  polymer  industry  began  to  show 
signs  of  maturity10,  yet  basic  research  in  the  area  of 
mechanistic  study  and  development  of  new  organometallic 
alkyl  complexes  continues.   The  debate  concerning  the  active 
site  in  the  Ziegler  catalyst  was  ongoing  as  evidenced  by  the 
proposal  that  appeared  in  1978  and  became  known  as  the 
Green-Rooney  mechanism.36-39 
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Not  only  have  many  isolated  transition  metal  alkyls  and 
hydrides  been  shown  active  in  polymerization  of  olefins,  the 
lanthanide  and  actinide  metals  have  also  shown  outstanding 
catalytic  potential.18'40"42  The  knowledge  gained  in 
earlier  studies  has  provided  valuable  information,  which  has 
revolutionized  the  design  of  new  catalytic  systems. 
Nevertheless,  after  reading  reviews  such  as  Boor  one  cannot 
help  realizing  the  complexity  of  the  Ziegler  systems. 
Although  the  idea  of  a  universally  applicable  mechanism  for 
Ziegler  polymerization  of  olefins  consistent  with  all 
available  data  is  attractive,  the  body  of  experimental 
evidence  indicates  that  this  cannot  be  achieved.   Perhaps 
this  explains  the  continuing  effort  to  supply  more  data  to 
provide  a  clearer  picture  of  the  catalyst's  mode  of  action. 

Several  aspects  of  the  mechanism  of  Ziegler  type 
polymerization  were  not  completely  clarified  by  the  plethora 
of  reports  that  had  appeared  by  the  mid  1970' s. 
Experimental  evidence  was  needed  to  support  two  basic 
mechanistic  steps  in  the  polymerization.   First,  evidence 
concerning  the  formation  of  an  olefin  7r-complex  was  lacking. 
Secondly,  no  observation  of  the  sequential  insertion  of  an 
olefin  into  a  metal  carbon  bond  had  been  reported. 

As  previously  mentioned,  coordination  polymerization 
implies  that  an  interaction  of  the  transition  metal  with  an 
olefin  through  a  7r-complex  occurs  prior  to  insertion.   While 
examples  of  this  were  abundant  for  the  later  transition 
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elements,  few  reports  of  such  interactions  for  the  early 
transition  metals  had  appeared.   Only  one  example  of  a  fully 
characterized  vanadium  ethylene  complex  had  been 
published.43   Another  study  of  the  equilibrium  constants  for 
the  binding  of  alkenes  to  zirconium  and  hafnium  complexes 
attached  to  a  support  had  been  reported  but  no  structural 
information  was  attained  and  the  complexes  were  not 
isolated.44   In  1983,  the  first  example  of  a  fully 
characterized  titanium  ethylene  w-complex  was  reported  by 
Cohen  et  al.45  A  few  publications  of  other  early  transition 
metal  olefin  7r-complexes  have  appeared46  and  the  first 
isolated  ethylene  bridged  complex  containing  a  lanthanide 
metal  was  reported  in  1987. 47  The  lack  of  d  electrons  in 
electron  deficient  metals  results  in  low  stabilities  for 
olefin  7r-complexes,  because  no  back  donation  is  possible. 
The  generally  accepted  mechanism  for  polymerization 
indicates  that  the  polymer  remains  attached  to  the  metal 
throughout  the  polymerization  process  and  olefin  units  are 
added  by  repeating  the  coordination  of  monomer  and  insertion 
steps.   No  transition  metal  study  has  yielded  the 
observation  of  the  stepwise  insertion  of  an  alkene. 
However,  a  highly  hindered  alkyne  was  shown  to  undergo 
insertion  into  the  Ti-CH3  bond  generated  from  the  soluble 

48 

two  component  Ziegler  type  system  Cp2TiCl2/AlMeCl2 .      As 
a  relevant  digression,  the  system  Cp2TiCl2  and  AlEt3  and 
related  versions  of  this  combination  were  studied 
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extensively  in  the  early  development  of  Ziegler  catalysts  as 
a  homogeneous  analogue.1'21'49  The  zirconium  analogue  was 
also  investigated  and  indicates  the  relevance  of  the  present 
study.   The  proposed  cationic  nature  of  the  active  site  is 
compared  to  an  isolated  zirconium  alkyl  cation  well 
characterized  in  solution  and  studied  in  the  gas  phase. 

As  early  as  1975  lanthanide  complexes  were  shown  active 
for  ethylene  polymerization  with  and  without  added  main 
group  compounds.50'51   Systems  derived  from  bridged  dimeric 
species  often  polymerized  ethylene.   However,  the 
possibility  that  the  active  species  was  monomeric  could  not 
be  ruled  out.51   By  a  series  of  complex  ligand  displacement 
reactions  a  combination  that  generated  a  significant  amount 
of  a  monomeric  methyl  species  was  found.52   The  one 
component  lutetium  alkyl  was  reported  by  P.  Watson  and 
resulted  in  an  excellent  model  system  for  the  Ziegler 
polymerization  (Scheme  1-1 ).53   This  system  manifested  many 
of  the  proposed  transformations  for  initiation,  propagation, 
and  termination.   It  rapidly  polymerized  ethylene  to  linear 
polyethylene.   The  expected  product  from  the  insertion  of 
propylene  into  the  Lu-CH3  was  also  observed.   Allylic  C-H 
activation  predominates  after  the  initial  insertion  of 
propylene  and  a  second  insertion  occurs  only  to  a  minor 
extent.   B-hydride  shift/alkene  elimination54  as  well  as 
6-alkyl  shift  alkene  elimination  seguences  are  also 
indicated.   In  addition,  the  hydride  generated  by 
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Scheme  1-1 


Initiation 


Cp*2Lu-Me  +  H2C=CHMe   ►  Cp*2Lu-CH2CHMe2 


Propagation 


Cp*2Lu-CH2CHMe2  +  H2C=CHMe   ►  Cp*2Lu-CH2CH(Me) (R) 


R  =  CH2CHMe2 


Chain  Termination  bv  fi-Hvdride  Elimination 


Cp*2Lu-CH2CHMe2   ►  Cp*2Lu-H  +  H2C=C(Me)2 


Reinitiation 


Cp*2Lu-H  +  H2C=CHMe   ►  Cp*2Lu-CH2CH2Me 
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B-elimination  rapidly  inserts  propylene  yielding  evidence 
for  the  control  of  molecular  weight  through  this  process. 

The  lanthanide  alkyls  investigated  also  react  with 
hydrogen  to  yield  alkanes  and  the  Lu-H,  again  providing 
evidence  for  a  mode  of  molecular  weight  control  by  addition 
of  H2.   The  addition  of  coordinating  bases  to  the  lutetium 
complex  strongly  inhibits  the  polymerization  of  olefins. 
Although  no  evidence  for  a  discrete  7r-complex  was  reported, 
the  inhibition  of  polymerization  by  adding  coordinating 
molecules  is  consistent  with  the  necessity  of  an  available 
site  for  olefin  coordination  before  insertion.   The  success 
of  this  catalyst  system  greatly  relies  on  the  formation  of  a 
sterically  unhindered  coordination  sphere  for  the  lanthanide 
metal . 

T.  J.  Marks  and  coworkers  have  also  made  tremendous 
strides  in  the  area  of  Ziegler  model  systems  using 
lanthanide  and  actinide  alkyl  complexes.   Work  concerning 
several  areas  of  catalysis  have  appeared  from  this  group 
including  alkene  polymerization,  olefin  hydrogenation  and  C- 
H  activation.23'41'55"67 

The  chemistry  of  several  lanthanide  alkyl  complexes  and 
their  respective  reactions  with  a  number  of  substrates  was 
the  subject  of  the  rare  appearance  of  three  consecutive 
publications  from  the  same  group  in  the  Journal  of  the 
American  Chemical  Society  in  1985 . 41 ' 55 ' 56   These  systematic 
studies  indicated  that  processes  similar  to  those  observed 


15 
in  the  lutetium  system  investigated  by  Watson  were  also 
operative  for  other  lanthanides.   This  similarity  is  not 
unexpected  because  the  different  f  orbital  electron 
configurations  are  not  usually  very  important  for  ligand 
interactions.16  Therefore,  lanthanide  metal  structure  and 
reactivity  is  more  often  related  to  electrostatic  and  steric 
factors,  which  are  determined  greatly  by  the  ionic  radii  of 
the  lanthanide.   Reactivities  for  ethylene  polymerization 
were  shown  to  decrease  with  the  size  of  the  lanthanide  metal 
center  i.e.  La  >  Nd  »  Lu.   The  rate  of  polymerization  for 
Cp  2LaH2  and  cP*2NdH2  reveal  that  they  are  two  of  the  most 
active  homogeneous  ethylene  polymerization  catalysts. 

In  addition,  reactions  with  propylene,  hexene  and 
cyclohexene  are  reported.   These  substrates  are  not 
polymerized.   However,  insertion  followed  by  C-H  activation 
yields  77 J  allyl  complexes.   Reactions  with  cyclohexene  are 
slower  and  are  tentatively  reported  to  yield  cyclohexenyl 
complexes. 

The  most  recent  development  by  Marks  and  coworkers  in 
the  area  of  olefin  polymerization  results  from  the 
interaction  of  Cp2Th(CH3)2  with  a  MgCl2  support.   Magic 
angle  spinning  NMR  indicates  the  formation  of  a  cationic 
thorium  methyl  complex  similar  to  that  of  Cp2ZrCH3+  which  is 
observed  to  polymerize  ethylene.23'42  The  cationic  nature 
of  the  thorium  supported  complex  is  inferred  from  previous 
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results68'69  and  its  reactivity  toward  polymerization  is 
much  greater  than  the  corresponding  dialkyl  complex. 

The  Marks  research  group  has  also  been  active  in  the 
area  of  thermochemistry.70'71  The  paucity  of  thermochemical 
data  pertaining  to  metal-carbon  bonds  leads  to  difficulty  in 
understanding  the  nature  of  reactions.   Therefore,  studies 
in  this  area  are  particularly  useful  in  comprehending  the 
extent  to  which  reactivity  is  determined  by  kinetic  and 
thermodynamic  factors.   A  report  of  thermodynamic  parameters 
for  polymerization  of  a  number  organic  monomers  in  solution 
has  appeared.72 

Recently,  highly  electrophilic  scandium  alkyl  and 
hydride  compounds  ( isoelectronic,  neglecting  f  electrons, 
with  the  lutetium  alkyl  complex)  were  synthesized  and  found 
to  be  extremely  reactive  toward  polymerization  of 
ethylene.73'74   The  highly  electrophilic  character  of  this 
complex  is  considered  extremely  important  in  producing  its 
reactivity,  which  is  similar  to  the  lanthanides  mentioned 
above . 

R.  F.  Jordan  and  coworkers  synthesized  the  first 
cationic  mononuclear  transition  metal  ethylene 
polymerization  catalyst.75  Many  zirconium,  titanium  and 
hafnium  alkyl  complexes  had  been  synthesized;  however,  their 
activity  in  polymerization  is  not  nearly  as  high  as  other 
species  such  as  the  lanthanide  and  scandium  complexes 
previously  cited.76   The  zirconium  complex,  Cp2ZrCH3 (THF)+, 
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polymerizes  ethylene  rapidly  under  mild  conditions  in  non- 
coordinating  solvent.77  This  breakthrough  holds  strong 
implications  for  the  mechanism  and  active  species  in  Ziegler 
polymerization.   While  this  compound  could  not  be  isolated 
as  an  unsolvated  cationic  species,  early  work  yielded 
evidence  implicating  the  unsolvated  Cp2ZrCH3+  species  as  the 
site  of  activity.77 

The  complex  was  originally  isolated  as  an  acetonitrile 
adduct  Cp2Zr(CH3)(CH3CN)+.   Recrystallization  from  THF 
solution  yields  a  THF  adduct  Cp2ZrCH3 (THF)+.   Interestingly, 
a  significant  7r-component  was  found  for  the  interaction  of 
the  oxygen  lone  pair  electrons  of  THF  with  the  zirconium 
center  which  orients  the  THF  molecule  in  a  sterically 
unfavorable  position.   The  electronic  stability  associated 
with  the  structure  overshadows  the  steric  interactions  of 
the  THF  with  the  Cp  rings.   In  THF  solution  the  zirconium 
cation  did  not  polymerize  ethylene.   Yet  in  a  non- 
coordinating  CH2C12  solvent  formation  of  polyethylene  occurs 
rapidly  under  mild  conditions.   The  observations  indicate 
that  dissociation  of  THF  is  necessary  for  polymerization  to 
take  place.   The  dissociation  is  more  readily  achieved  in 
non  coordinating  solvent.   Since  the  THF  adduct  is  labile, 
dissolving  the  complex  in  CH2C12  decreases  the  amount  of  THF 
adduct  present  due  to  simple  eguilibrium  considerations. 

Analysis  of  the  polymer  produced  in  the  zirconium 
cationic  system  gives  evidence  for  chain  termination  by  R- 
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hydride  shift  alkene  elimination.20   This  chain  termination 
sequence  is  consistent  with  that  of  Ziegler  Natta 
polymerization  systems. 

A  cationic  zirconium  benzyl  complex  Cp2Zr(CH2Ph) (THF)+ 
has  also  been  synthesized.78  The  conformation  of  the  benzyl 
ligands  in  electrophilic  metal  benzyl  complexes  have  been 
shown  to  have  a  unique  structure,6'7  i.e.  the  benzyl  ligand 
adopts  an  r\2   benzyl  structure.   Jordan  and  coworkers 
reasoned  that  this  interaction  might  stabilize  the 
unsolvated  benzyl  species  and  allow  its  observations  in 
solution.   Indeed,  when  synthesized  the  benzyl  cation  does 
have  the  rj2  type  benzyl  zirconium  interaction  and  H1NMR 
evidence  indicates  that  the  structure  is  retained  in 
solution.   The  CH3CN  adduct  Cp2Zr(CH2Ph) (CH3CN)  does  not 
polymerize  ethylene  (another  indication  of  the  necessity  of 
an  available  coordination  site).   Synthesis  of  the  benzyl 
cation  in  THF  yields  the  THF  adduct  Cp2Zr(CH2Ph) (THF)+  and 
in  CH2C12  the  THF  adduct  does  polymerize  ethylene  apparently 
because  a  shift  in  the  equilibrium  increases  the 
concentration  of  the  unsolvated  benzyl  cation.   NMR  spectra 
of  a  dilute  solution  of  the  THF  adduct  in  CH2C12  yields 
resonances  corresponding  to  the  "naked"  benzyl  species. 

Reactivity  of  Cp2ZrCH3+(L)  (L  =  PMe3 ,  THF,  CH3CN) 
cations  has  also  been  investigated  in  reactions  with  H2 . 
The  nature  of  L  has  a  profound  effect  on  the  rates  of 
hydrogenation.79  The  bis  acetonitrile  adduct 
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Cp2ZrCH3(CH3CN)2+  is  found  in  CH3CN  solution  and  does  not 
react  with  H2  significantly.   The  rate  of  hydrogenation  for 
the  THF  adduct  is  faster  in  CH2C12  than  in  THF.   The  PMe3 
adduct  can  be  produced  and  rapidly  exchanges  with  free  PMe3 
in  THF  and  CH2C12.   Correspondingly,  the  rate  of 
hydrogenation  is  very  rapid. 

The  results  are  consistent  with  significant  interaction 
of  H2  with  a  vacant  LUMO  on  the  zirconium  center.80'81  This 
is  also  the  case  for  the  zirconocene  alkyl  hydride  and  is 
consistent  with  the  process  of  chain  termination  during 
polymerization  by  addition  of  H2.   The  zirconium  cation 
system  is  therefore  another  excellent  model  system  for  the 
study  of  Ziegler  type  polymerizations. 

In  addition,  studies  have  also  appeared  regarding  a 
similar  catalyst  system  derived  from  Cp2ZrCl2  and  methyl 
aluminoxanes82'83.  The  conclusion  that  the  active  species  in 
the  system  are  the  cations  Cp2ZrCH3+  and  Cp2ZrH+  is 
supported  by  x-ray  photoelectron  spectroscopy  results.82 
The  indication  of  an  active  site  comprised  of  a  similar 
cationic  titanium  complex  had  been  proposed  over  20  years 
ago.84'85    Very  recently  a  cationic  chromium  complex  has 
been  synthesized  and  readily  polymerizes  both  ethylene  and 
propylene  under  suitable  conditions.86 

Carbon-Hydrogen  Activation 
The  proposition  of  converting  alkanes  and  methane  into 
other  useful  molecules  is  indeed  exciting,  especially  since 
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methane  is  a  relatively  abundant  feedstock.   Unfortunately, 
these  compounds,  comprised  of  only  carbon  and  hydrogen,  are 
notoriously  unreactive.   The  inert  nature  of  hydrocarbons 
makes  functionalization  a  difficult  task.17 

The  first  step  in  achieving  the  goal  of  synthesizing 
useful  molecules  from  saturated  hydrocarbon  substrates  is  to 
find  complexes  that  can  "activate"  C-H  bonds.   The  term  C-H 
activation  simply  means  to  generate  a  more  reactive  metal- 
carbon  bond  from  a  less  reactive  C-H  bond.4   There  are  two 
general  ways  to  accomplish  C-H  activation.   One  is  by  using 
a  later  transition  element  which  normally  reacts  with  a 
hydrocarbon  substrate  via  oxidative  addition.27'17'3 
Another  way  to  achieve  C-H  activation  is  with  an 
electrophilic  lanthanide,  actinide  or  early  transition 
element.   The  latter  situation  is  most  applicable  to 
previously  discussed  compounds  and  will  be  the  focus  of  this 
section. 

The  relationship  between  the  author's  work  and  the 
objectives  of  C-H  activation  is  necessarily  fundamental. 
The  main  thrust  of  the  present  work  is  to  present 
information  regarding  the  factors  which  cause  the  C-H  bond 
of  alkanes,  alkenes,  aromatics,  and  alkynes  to  be  broken  and 
concomitantly  form  other  C-H  bonds.   The  opportunity  to 
investigate  features  of  this  reactivity  in  the  gas-phase  are 
valuable  not  only  because  results  may  further  the 
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understanding  of  C-H  activation  but  because  the  effects  of 
solvation  on  this  process  may  also  be  studied. 

Electrophilic  d°  and  d°fn  alkyl  complexes  are  not  only 
excellent  model  systems  for  the  study  of  Ziegler  catalysis 
but  are  also  highly  reactive  toward  the  activation  of  C-H 
bonds. 2-4,17,18,23,41,56,73,74,87-89   Reviews  concerning  C-H 

activation  by  these  compounds  are  scarce.   However,  many 
examples  of  both  intermolecular  and  intramolecular  C-H 
activating  reactions  have  been  observed  for  these  complexes. 
In  many  instances  these  reactions  have  been  studied  by  the 
same  research  groups  with  the  same  systems  previously  cited 
in  some  detail  with  respect  to  Ziegler  polymerization. 
Therefore  the  objective  in  this  section  is  only  to  alert  the 
reader  to  the  fundamental  mechanistic  aspects  of  C-H 
activation  as  they  relate  to  the  present  study  and  not  to 
present  a  detailed  review. 

P.L.  Watson  was  the  first  to  observe  C-H  activation  for 
an  electrophilic  metal.90  The  reaction  was  observed  for 
Cp*2LuCH3  and  13CH4  as  shown  in  equation  1-1.   The  proposed 

Cp*2Lu-CH3  +  13CH4   »  Cp*2Lu-13CH3  +  CH4   (1-1) 

mechanism  for  this  reaction  involves  a  four-membered 
transition  state  similar  to  that  proposed  for  insertion  of 
olefins  into  M-C  bonds  (Figure  1-1).   This  process  is 
thermoneutral  and  still  occurs  at  a  significant  rate 
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Figure  1-1 


The  four  membered  transition  state  for 
activation  of  the  C-H  bond  of  methane. 
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emphasizing  the  reactivity  accessible  for  such  unsaturated 
electrophilic  complexes. 

The  study  of  the  Cp*2Sc-H  and  Cp*Sc-CH3  reactivity 
toward  hydrocarbons73'74  is  didactic  when  considering  the 
reactivity  of  Cp2ZrCH3+  in  the  gas-phase.   Activation  of  C-H 
bonds  in  alkenes  other  than  ethylene  by  lanthanide  complexes 
are  proposed  to  occur  at  the  weakest  C-H  bond.   At  least  two 
systems  are  reported  to  undergo  reactions  with18'55 
propylene  in  which  allyl  complexes  are  formed  by  allylic  C-H 
activation  (Figure  1-2). 

In  contrast  to  these  results,  Thompson  et  al.74  have 
made  a  strong  case  for  a  kinetic  ordering  of  reactivity  for 
hydrocarbon  substrates  in  which  the  activation  of  vinylic  C- 
H  bonds  in  alkenes  occurs  more  rapidly  than  allylic  C-H 
activation.   The  study  coined  the  phrase  "a-bond  metathesis" 
to  describe  the  process  because  the  fundamental 
transformation  observed  is  the  exchange  of  the  original  R 
group  on  the  metal  with  R'  in  R'H  substrates  as  shown  in 
eguation  1-2.   A  four-membered  transition  state  analogous  to 
that  shown  in  Figure  1-1  was  invoked  to  describe  the 
transformation  (Figure  1-2). 


Cp*2Sc-R  +  R'-H   >      Cp*2ScR/  +  R-H   (1-2) 


The  concept  developed  by  Thompson  et.  al.  indicates 
that  the  main  interaction  responsible  for  the  kinetic 
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Figure  1-2. 


Activation  of  allylic  C-H  bond  of 
propylene  by  lanthanide  alkyls.  (Ln 
La,  Nd,  Lu  and  R  =  CH3) 
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effects  observed  arises  from  the  s  orbital  character  of  the 
hydrocarbon  bond  being  activated.   Arguments  presented  are 
based  mainly  on  orbital  overlap  considerations  in  the 
framework  of  the  four-membered  transition  state.   The  rate 
of  reaction  for  a  particular  substrate  is  not  governed  by 
thermodynamic  considerations  but  by  the  ability  of  the 
reacting  molecules  to  assume  efficient  orbital  overlap  in 
the  transition  state.   Thus,  in  a  valence  bond  picture,  the 
rate  of  reaction  correlates  with  the  amount  of  s  character 
in  the  C-H  bond.   For  example,  alkyne  C-H  bonds  are 
activated  more  rapidly  than  vinylic  C-H  bonds.   In  valence 
bond  terms  the  order  of  reactivity  for  C-H  bonds  of  R  in 
eguation  1-2  is  R  =  R'=  H  »  R  =  alkyl,  R'  =  H  »  R  -  alkyl, 
R'=  sp  C-H  >  R  =  alkyl,  R'  =  sp2  C-H  >  R  =  alkyl,  R'  =  sp3  C- 
H. 

Detailed  kinetic  data  for  the  lanthanide  systems  is  not 
available  but  as  previously  mentioned  orbital  considerations 
are  rarely  necessary  to  explain  reactivity  for  these  metal 
complexes.   This  provides  an  explanation  for  the  observed 
activation  of  allylic  C-H  bonds. 

Gas-Phase  Reactions 

In  the  past  20  years  the  development  of  gas-phase  metal 
ion  chemistry  has  progressed  greatly.  Both  ion  beam  and  ion 
cyclotron  resonance  mass  spectrometry  techniques  have  proven 
excellent  means  for  probing  the  chemistry  of  bare  metal  ions 
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and  other  ionic  organoraetallic  species.   Two  recent  reviews 

i  .       91  9? 

deal  explicitly  with  bare  metal  ion  chemistry.  ± ' 9* 

Most  work  in  this  area  is  based  on  reactions  of  bare 
metal  singly  charged  cations.   Although  Freiser  and 
coworkers  have  also  published  work  concerning  reactions  of 
bare  metal  alloy  dimers  and  doubly  charged  metal  ions.93'94 
The  target  substrates  in  bare  metal  ion  studies  are  a 
variety  of  organic  molecules  including  alkanes,  alkenes, 
alkyl  halides,  alcohols,  aldehydes  and  ketones.91   By  far, 
the  most  studied  organic  compounds  are  alkanes. 

The  observation  of  the  insertion  of  bare  metal  ions 
into  both  C-H  and  C-C  bonds  has  created  an  entire  area  of 
chemistry  that  is  continually  being  investigated  with 

92  95    i- 

increasingly  complex  experimental  technigues.  *' *J     The 
relationship  of  the  gas-phase  organometallic  chemistry  to 
catalysis  of  both  alkene  polymerization  and  C-H  activation 
is  obvious,  since  insertion  of  unsaturated  hydrocarbons  and 
C-C  and  C-H  activation  were  observed  as  the  main  processes 
occurring  in  gas-phase  systems.   A  truly  formidable  number 
of  publications  have  resulted  from  efforts  in  this 
relatively  new  area  of  organometallic  chemistry.   For 
example,  the  Freiser  research  group  published  fourteen 
papers  in  1985  alone  in  the  Journal  of  the  American 
Chemistry  Society.  However,  the  usefulness  of  this  work  for 
the  solution  phase  organometallic  chemist  is  dubious, 
mainly  because  of  the  lack  of  solution  phase  analogues  to 
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gauge  the  reactivity  of  the  gas-phase  ions  and  effect  a 
change  in  the  way  the  solution  phase  organometallic  chemist 
views  gas-phase  studies. 

Another  drawback  to  gas-phase  organometallic  chemistry 
results  from  the  lack  of  direct  structural  probes.   At 
present,  collision  induced  dissociation  (CID) ,  infra-red 
multiphoton  dissociation  (IRMPD),  and  reactivity  results  are 
the  main  tools  for  determining  the  structures  of  gas-phase 
ion  molecule  reaction  products.   The  lack  of  structural 
probes  leads  to  speculation  rather  than  proven  ion 
structures,  which  often  produces  highly  speculative  reaction 
mechanisms.   For  instance,  the  mechanistic  process  invoked 
nearly  exclusively  for  transformations  at  bare  metal  ion 
centers  and  explained  in  depth  by  Allison91  is  metal 
insertion  (into  C-C  or  C-H  bonds )/6-hydride 
shift/competitive  ligand  loss.   This  seguence  has  proven 
extremely  useful  in  explaining  a  variety  of  bare  metal 
ion/molecule  reactions  but  sometimes  is  not  used 
judiciously.   Until  recently,  the  process  of  oxidative 
addition  followed  by  reductive  coupling  has  been  used 
commonly  and  favored  over  other  processes  such  as  multi- 
centered  concerted  activation  of  C-H  bonds.95  However, 
recent  theoretical  treatments  indicate  that  d  orbitals  on 
metal-ions  may  facilitate  the  latter.96 

Several  studies  relate  directly  to  the  catalytic 
Ziegler  polymerization.97"102  TiCl4  and  TiCl3CH3  were  used 
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to  study  reactions  of  alkenes  and  some  insight  regarding  the 
Ziegler  systems  could  be  gleaned  from  the  results  but 
ethylene  was  not  polymerized  in  the  gas-phase.   Insertion  of 
ethylene  into  the  Ti-Me  bond  has  been  observed.   However, 
the  loss  of  H2  generates  an  allyl  species  which  does  not 
undergo  additional  insertion. 

Binuclear  titanium  chloride  ions  were  also  observed  as 
ion/molecule  reaction  products.   So  two  pertinent 
observations  can  be  made  from  these  results.   First, 
insertion  of  ethylene  does  occur  although  propagation  by 
additional  insertion  is  precluded  by  formation  of  an  allyl 
species.   Second,  binuclear  ions  were  also  observed 
indicating  that  the  possibility  of  deactivation  of  the 
catalyst  by  formation  of  binuclear  species  does  occur  in  the 
gas-phase. 

Recently,  Freiser  and  coworkers  have  investigated  the 
reactions  of  FeCH3+  and  CoCH3+  generated  from  ion  molecule 
reactions  of  Fe+  of  Co+  with  CH3I."   Reported  reactivity  of 
these  species  with  unsaturated  hydrocarbons  is  rather 
pertinent  to  the  present  study,  but  comparisons  must  be  made 
very  carefully  because  several  extremely  important 
differences  exist.   First,  both  FeCH3+  and  CoCH3+  do  not 
contain  d°  metal  centers.   Therefore,  the  process  of 
oxidative  addition  is  viable.   Secondly,  they  are  both 
highly  unsaturated,  where  as  the  Cp2ZrCH3+  complex  cation  is 
unsaturated  but  to  a  much  lesser  degree.   Thirdly,  the 
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greater  degree  of  unsaturation  in  the  FeCH3+  and  CoCH3+  ions 
removes  steric  interactions  almost  completely.   Both  the 
metal  and  the  CH3  group  are  easily  accessible  to  an  incoming 
substrate  molecule.   Finally,  the  thermodynamics  of  bond 
formation  are  greatly  changed.   Not  only  are  interactions 
such  as  back  donation  for  alkene  substrates  possible, 
yielding  more  stable  w-complexes,  but  the  fundamental 
ordering  of  CH3  and  H  bond  strengths  is  reversed. 

One  important  commonality  for  the  two  systems  is  that 
they  are  both  studies  in  the  gas-phase  under  similar 
conditions.   Thus,  careful  comparisons  yield  insight  into 
the  effects  of  the  differences  on  chemical  reactivity. 

Theoretical  Studies 

The  importance  of  Ziegler-Natta  polymerization  and  C-H 
activation  have  not  escaped  the  theoretical  chemist.80'103- 
110  Unfortunately,  the  complexity  of  the  catalyst  prevents 
facile  high  level  calculations.   The  general  approach  of  the 
theoretical  chemist  has  been  to  model  somewhat  simplified 
one-component  systems.   Rabba  and  Hoffmann  have  produced 
excellent  discussions  using  extended  Huckel  theory.   Since 
detailed  information  is  given  regarding  the  molecular 
orbitals  available  for  bonding  interactions  these 
publications  are  particularly  helpful  when  evaluating 
possible  structures  for  ions.104   The  theoretical  articles 
are  also  useful  for  obtaining  general  background  information 
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because  they  rely  upon  experimental  results  to  gauge  their 
treatment. 

Rappe  et  al.  have  also  treated  these  catalytic 
processes  for  electron  deficient  complexes  at  the  ab  initio 
level.   The  higher  level  calculations  in  these  studies  offer 
some  thermodynamic  information.106-108  The  calculations 
have  added  significance  for  the  gas-phase  chemist  because 
solvation  thermodynamics  are  not  included  in  the  treatment. 
Therefore  comparisons  can  be  made  directly. 

Conclusions 

An  attempt  has  been  made  to  set  the  stage  for  the 
reader  to  evaluate  both  the  results  and  conclusions  of  the 
present  study  by  including  several  areas  of  background 
information  in  this  introduction.   The  majority  of  the 
discussion  deals  with  solution  organometallic  chemistry 
rather  than  gas-phase  organometallic  chemistry.   The 
reasoning  behind  this  representation  derives  from  the 
author's  conviction  that  gas-phase  studies  can  truly  be 
complementary  and  important  to  condensed  phase 
investigations.   This  conviction  does  not  belittle  the 
significance  of  pure  gas-phase  investigations  because 
clearly  an  in  depth  understanding  of  any  type  of  reactivity 
does  not  need  to  be  widely  applicable  or  industrially 
feasible  to  be  an  asset  in  the  search  for  a  more  clear 
picture  of  fundamental  chemical  transformations. 
Nevertheless,  the  lofty  goal  of  producing  information 
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relevant  to  more  than  a  single  chemical  community  is  a 
worthwhile  goal.   Therefore,  significant  effort  has  been  put 
forth  to  bring  the  relatively  unconnected  areas  of  gas-phase 
and  condensed  phase  organometallic  chemistry  together  by 
studying,  in  the  gas-phase,  reactions  of  a  species  well 
characterized  in  solution.   The  main  differences  are  the 
lack  of  solvation  and  the  restrictions  of  the  gas-phase 
medium. 


CHAPTER  2 

REACTIONS  OF  BIS(CYCLOPENTADIENYL)METHYLZIRCONIUM  (1+) 

WITH  UNSATURATED  HYDROCARBONS 


Results 

We  applied  FTICR  Mass  Spectrometry111"113  to  study  the 
reactions  of  Cp2ZrCH3+,  l  with  H2,  HD,  D2,  and  a  number  of 
alkenes  and  alkynes.   Cp2ZrCD3+,  2,  was  also  employed  to 
provide  further  insight  into  the  mechanisms  of  these 
reactions. 

The  product  ions  are  reported  as  m/z  values  in  this 
section  and  correspond  to  isotopic  species  having  the  most 
abundant  90Zr  isotope.   Zirconium  has  six  principal 
isotopes.   Contributions  from  isotopes  of  carbon  and 
hydrogen  result  in  the  observation  of  seven  isotopic  species 
in  the  mass  spectra  of  compounds  containing  zirconium, 
carbon,  and  hydrogen.   A  typical  mass  spectrum  for 
Cp2Zr(CH3)2  (ionization  energy  =  12  eV)  is  shown  in  Figure 
2-1. 

Empirical  formulae  of  the  form  Cp2ZrCxH  +  are  given 
for  product  ions  in  this  section,  and  no  structure  is 
implied  other  than  the  Cp2Zr  unit.   Any  eliminated  neutrals 
are  taken  as  the  most  stable  species  possible  with  the 
correct  molecular  formula.   Detailed  structures  of  the 
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Cp2Zr+   and    Cp2ZrCH3+   generated    by    EI    of    Cp2Zr(CH3)2    VBM    =   -12V 
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Figure  2-1.   Mass  spectrum  of  Cp^ZrCCH.,  )2 .   Electron 
impact  ionization  at  12  ev. 
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zirconium  product  ions  are  presented  in  the  Discussion 
section. 

Determination  of  Product  Ion  Distribution 
Some  reactions  of  1  yield  more  than  one  product  ion. 
In  cases  where  the  intensity  of  a  m/z  value  has 
contributions  from  more  than  one  product  ion,  it  is 
necessary  to  quantify  the  contributions  of  the  different 
product  ions  to  a  single  m/z  value.   Theoretical  isotope 
ratios  for  each  product  ion  were  calculated  using  known 
isotopic  abundances  for  the  elements.   In  every  case  the 
intensity  of  at  least  one  m/z  value  results  from  a  single 
isotopic  species;  therefore,  its  contribution  to  the 
observed  intensity  can  be  subtracted  and  the  product 
distribution  determined. 

Product  ion  distributions  were  calculated  from  at  least 
five  to  as  many  as  thirty  measurements  at  several  different 
reaction  thermalization  times  and  substrate  pressures. 
Constant  product  distributions  measured  under  various 
conditions  suggest  that  the  reactions  are  studied  under 
thermal  conditions.   The  resulting  distributions  are 
reported  as  percentages  of  the  total  product  ion  intensity 
and  include  95%  confidence  limits. 

Experiments  yielding  products  with  overlapping  peaks 
were  conducted  without  ejection  of  Cp2Zr+.   This  precaution 
prevents  any  extraneous  distortion  of  Cp2ZrCH3+  isotope 
ratios  that  might  arise  due  to  undesired  excitation  during 
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ejection  of  Cp2Zr+  and  affect  product  ion  abundances. 
Reactions  of  Cp2Zr+  with  substrate  were  also  done  to  ensure 
that  the  presence  of  Cp2Zr+  did  not  affect  the 
interpretation  or  measurement  of  product  ion  intensities  for 
reactions  of  1. 
Reaction  of  Cp2ZrCH3+  with  H2  and  HP 

We  previously  reported  the  reaction  of  Cp2ZrCH3+  with 
D2  and  the  corresponding  second  order  rate  constant  kD  =  3.9 
±  0.5  x  109  M^s"1  (6.5  ±  0.8  xlO"12  cm3s~1)  (eq  2-1). 114 

Cp2ZrCH3+    +    D2  Cp2ZrD+   +   CH3D        (2-1) 

(m/z  235)  (m/z  222) 

We  have  measured  the  analogous  rate  for  reaction  of  1  with 

H2/  which  yields  kR  =  7.9  ±  1.8  xlO9  M'^-s-1  (1.3  ±  0.3 

—11    3  -1 
xlO    cm  s  ■L).   These  two  rate  constants  give  a  deuterium 

kinetic  isotope  effect,  kH/kD  «  2. 

Reactions  of  Cp2ZrCH3+  with  c2H4  and  c2n4 

The  reaction  of  l  with  C2H4  proceeds  with  the 

formation  of  m/z  261  and  loss  of  H2  (eq  2-2).   Similarly,  2_ 

reacts  with  C2D4  to  produce  m/z  266  and  D2  (eq  2-3). 

Cp2ZrCH3+   +   H2C=CH2     -+      Cp2ZrC3H5+   +   H2     (2-2) 
(m/z  235)  (m/z  261) 
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+ 


Cp2ZrCD3"r   +   D2C=CD2 
(m/z  238) 


Cp2ZrC3D5+   +   D2     (2-3) 
(m/z  266) 


H/D  scrambling  is  observed  for  reaction  of  1  with  C2D4 
and  2  with  C2H4  (eqs  2-4,  2-5).   The  H2 ,  HD  and  D2 
scrambling  ratios  for  the  reactions  in  eqs  2-4  and  2-5  were 
obtained  by  first  measuring  the  isotopic  abundances  of  all 
the  isotopes  for  the  products  of  the  reactions  in  eqs  2-2 
and  2-3,  respectively.   The  measured  isotope  abundances  for 
m/z  261,  and  m/z  266  show  little  variation  and  often  differ 
slightly  from  the  calculated  abundances;  therefore,  the  most 
accurate  product  distributions  are  determined  by  using 
experimentally  measured  abundances. 


Cp2ZrCH3+  +  C2D4 
(m/z  235) 


Cp2ZrC3HD4+   +  H2 

(m/z  265) 
Cp2ZrC3H2D3++  +  HD  (2-4) 

(m/z  264) 
Cp2ZrC3H3D2+  +  D2 

(m/z   263) 


Cp2ZrCD3 
(m/z  238) 


+  C„H 


2"4 


Cp2ZrC3H2D3   +  H2 

(m/z  264) 
Cp2ZrC3H3D2+  +  HD   (2-5) 

(m/z  263) 
Cp2ZrC3H4D+  +  D2 

(m/z  262) 
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We  previously  reported  the  relative  amounts,  15%  H2 , 
74%  HD,  and  11%  D2  elimination  for  the  reaction  of  Cp9ZrCH-,+ 
with  C2D4  and  23%  HD  and  77%  H2  elimination  for  reaction  of 
Cp2ZrD  with  C3H6.   For  completeness,  the  product 
distribution  was  determined  for  reaction  of  2  with  C,H,. 
Thus  for  the  reaction  shown  in  eq  2-5,  7%  D2,  58%  HD,  and 
35%  H2  are  eliminated.   The  results  for  these  reactions 
indicate  that  significant  H/D  scrambling  occurs  prior  to 
elimination  of  dihydrogen.   If  H2 ,  D2  and  HD  were  eliminated 
statistically  14.3%  D2 ,  57.1  %  HD  and  28.6%  H2  loss  is 
expected.   The  measured  product  distributions  for  the 
reactions  indicated  in  eqs  2-4  and  2-5  show  that  the  amount 
of  D2  loss  is  less  than  statistically  predicted  in  both 
cases.   The  results  for  the  reaction  of  Cp0ZrD+  and  C0H^  are 

/.  3  6 

much  closer  to  the  statistically  predicted  ratio;  however, 
no  D2  can  be  eliminated  in  this  reaction. 
Reaction  Of  Cp2ZrCH3+  and  Cp2ZrCD3+  with  Alkenes 

The  product  distributions  for  reactions  of  1  with  a 
variety  of  a-olefins  are  summarized  in  Table  2-1.   For  all 
but  one  substrate  at  least  one  neutral  molecule  is 
eliminated.   The  exception  is  allene,  which  yields  three 
products . 

Reactions  of  Cp2ZrCD3+  involving  H2  and  CH4  elimination 
show  unique  behavior.   In  all  reactions  resulting  in  H, 
elimination  scrambling  is  observed,  and  H2,  HD  and  D2 
elimination  occurs,  except  for  the  reaction  of  2  with  allene 
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Table  2-1 


Substrate 


Neutral 
Eliminated 


Ethylene 


H 


Product 
Ion  Formula 


Product 
Distribution %1 


2  Cp2ZrC3H5+         100 


Propylene 


H. 


Cp2ZrC4H?+         100 


1,3-Butadiene 


H 


2  Cp2ZrC4H5+         100 


1-Butene 


H. 


Cp2ZrC5H9+         100 


1-Pentene 


H 


2         Cp2ZrC6Hll+ 


2H. 


Cp2ZrC6Hg 


+ 


87  ±  5 
13  ±  5 


1-Hexene 


H, 


2H- 


Cp2ZrC7H13+ 


Cp2ZrC7Hi;L 


+ 


52  ±  7 
48  ±  7 


Styrene 


H, 


Cp2ZrC3H4Ph+       100 


Isobutene 


CH4        Cp2ZrC4H7+ 


100 


a-Methyl  Styrene    CH4        Cp2ZrC3H4Ph+ 


100 


Allene 


None 

Cp2ZrC4H7+ 

62  ±  4 

H2 

Cp2ZrC4H5+ 

6  ±  3 

CH4 

Cp2ZrC3H3+ 

31  ±  2 
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in  which  no  D2  elimination  is  observed.   In  contrast,  for 
reactions  where  CH4  is  eliminated  no  scrambling  of  the 
deuterium  label  is  detected,  i.e.,  only  elimination  of  CH3D 
is  observed. 

For  example,  in  the  reaction  of  1  with  allene  three 
products  are  concomitantly  produced.   Double  resonance 
experiments  indicate  that  each  is  formed  directly  from  1  and 
allene  (eq  2-6) . 

Investigation  of  the  allene  reaction  by  using  Cp2ZrCD3+ 
reveals  exclusive  loss  of  CD3H  producing  Cp2ZrC3H3+ 
(m/z  259),  and,  for  the  loss  of  H2 ,  significant  H/D 
scrambling  results  in  the  elimination  of  H2,  and  HD; 
however,  no  D2  elimination  is  observed  (eqs  2-7,  2-8). 


Cp2ZrCH3+  +  C3H4 


Cp2ZrC3H3+  +  CH4 

(m/z  259) 
Cp2ZrC4H?+ 

(m/z  275) 
Cp2ZrC4H5+  +  H2 

(m/z   273) 


(2-6) 


Cp2ZrCD3+  +  C3H4 
(m/z  238) 


Cp2ZrC3H3+   +   CD3H 
(m/z  259) 


(2-7) 
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Cp2ZrCD3+  +  C3H4 
(m/z  238) 


Cp2ZrC4H3D2+  +  HD 
(m/z  275) 


(2-8) 


►    Cp2ZrC4H2D3+  +  H2 

(m/z  276) 

Isobutene  and  a-methyl  styrene  react  more  slowly  than 
the  other  terminal  olefins  investigated.   A  comparison  of 
the  half  lives  for  the  reactions  of  1  with  ethylene  and 
isobutene  indicate  that  the  ethylene  reaction  is 
approximately  seven  times  faster  than  the  isobutene 
reaction.   In  contrast  to  other  alkenes  studied,  the  neutral 
product  for  reaction  of  1  with  isobutene  and  a-methyl 
styrene  is  methane  rather  than  dihydrogen  (egs  2-9,  2-10). 
Cp2ZrCH3+  (m/z  235)  is  also  formed  in  the  reaction  of 
Cp2ZrCD3+  with  isobutene  (eg  2-11).   Only  trace  Cp2ZrCH3+ 
and  Cp2ZrPh+  are  formed  in  the  reaction  of  2  with  a-methyl 
styrene. 

Cp2ZrCD3+   +   H2C=CMe2    -»    Cp2ZrC4H?+  +   CD3H        (2-9) 
(m/z  238)  (m/z  275) 

Cp2ZrCD3+   +   H2C=C(Me) (Ph)   -»   Cp2ZrC3H4Ph+  +  CD3H   (2-10) 
(m/z  238)  (m/z  275) 
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Cp2ZrCD3+   +   H2C=CMe2    -     Cp2ZrCH3+   +   C4H5D3   (2-11) 
(m/z  238)  (m/z  235) 

The  reactions  of  1  with  f luoroethylene  and  1,1,1- 
trifluoropropene  were  also  investigated.   The  single  product 
ion  in  both  reactions  is  Cp2ZrF+  (egs  2-12,  2-13). 

1   +   H2C=CHF     -       Cp2ZrF+   +   H2C=CH(CH3)      (2-12) 

(m/z  239) 

1   +   H2C=CH(CF3)    -     Cp2ZrF+   +   H2C=CH(CF2CH3 )  (2-13) 

(TO/Z  239) 

The  product  distributions  for  reaction  of  1  and  a 
number  of  internal  olefins  are  listed  in  Table  2-2.   The 
rates  for  reactions  of  1  with  internal  olefins  including 
cyclohexene  and  1 ,5-cyclooctadiene  indicate  that  cis  olefins 
generally  react  more  slowly  than  trans  olefins,  e.g.  half 
lives  for  reaction  of  1  with  cis  and  trans-2-pentene  show 
that  the  sis  isomer  reacts  approximately  three  times  more 
slowly  than  the  trans  isomer.   In  addition,  only  small 
amounts  of  CH4  are  eliminated  for  cis  olefins  in  contrast  to 
nearly  exclusive  loss  of  CH4  for  the  trans  isomers. 
Reaction  of  Co2ZrCH3+  and  CP2ZrCD3+  with  Alkynes 

The  reactions  of  1  with  several  alkynes  were 
investigated  and  are  listed  in  Table  2-3.   Most  of  the 
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Neutral       Product        Product 
Substrate Eliminated    Ion  Formula    Distribution m 


trans-2-Butene 


CH, 


Cp2ZrC4H7+         100 


cis-2-Butene 


trans-2-Pentene 


cis-2-Pentene 


H2 

Cp2ZrC5H9+ 

87  ±  5 

CH4 

Cp2ZrC4H?+ 

13  ±  5 

H2 

CP2ZrC6Hll+ 

2  ±  2 

CH4 

Cp2ZrC5H9+ 

98  ±  2 

H2 

Cp2ZrC6H11+ 

85  ±  2 

H2 

Cp2ZrC6H9+ 

4  ±  2 

CH4 

Cp2ZrC5H9+ 

11  ±  4 

cyclo-Hexene 


H, 


Cp2ZrC6H1;L+        100 


1,5-cyclo- 
Octadiene 


H- 


2H. 


Cp2ZrC9H13+ 
Cp2ZrC9H1;L+ 


78  ±  2 
22  ±  2 
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Table  2-3. 
Substrate 


Acetylene 


Neutral 
Eliminated 


H- 


Product 
Ion  Formula 


Cp2ZrC3H3 


+ 


Product 
Distribution %1 


100 


Propyne 


H2 
CH, 


Cp2ZrC4H5+ 
Cp2ZrC3H3+ 


61  ±  3 
39  ±  3 


Phenylethyne 


None 

H2 
CH4 

HC=CCH- 


Cp2ZrC3H4Ph+ 
Cp2ZrC3H2Ph+ 
Cp2ZrC2Ph+ 
Cp2ZrPh+ 


37  ±  6 
32  ±  3 
29  ±  5 


Diphenylethyne 


None 


Cp2ZrC3H4Ph2+ 
Cp2ZrC3H2Ph2+ 


90  ±  4 

10  ±  4 


trace  amount 


44 
reactions  were  also  repeated  with  Cp2ZrCD3+  as  the  reactant 
cation. 

Acetylene  reacts  with  1  to  yield  Cp2ZrC3H3+  (m/z  259) 
and  eliminates  H2  (eq  2-14).   The  product  ion,  Cp2ZrC3H3+, 
does  not  react  detectably  with  acetylene  substrate.   The 
second  order  rate  constant  for  formation  of  Cp2ZrC3H3+, 
determined  from  six  measurements,  is  5.6  ±  1.9  xlO10  M_1s-1 
(9.3  ±  3.2  xlO-11  cm3s"1). 


HC=CH 


Cp2ZrC3H3 
(m/z  259) 


+ 


H- 


(2-14) 


The  reaction  of  propyne  is  more  complex  than  that  of 
acetylene.   Initially  two  products  are  observed,  Cp2ZrC3H3+ 
(m/z  259),  and  Cp2ZrC4H5+  (m/z  273).   Double  resonance 
experiments  indicate  both  products  are  formed  from  1  and 
propyne  directly  (eq  2-15). 


1   +   CH3C=CH 


-   Cp2ZrC3H3+   +   CH4 
(m/z  259) 


-»   Cp2ZrC4H5+    +   H2 
(m/z  273) 


(2-15) 
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In  addition,  Cp2ZrC3H3+  (m/z  259)  reacts  further  with 
propyne  to  produce  Cp2ZrC6H?+  (m/z  299),  and  no  neutral 
molecule  is  eliminated  (eq  2-16).   Cp2ZrC6H?+  (m/z  299)  is 
inert  to  subsequent  detectable  reaction  with  propyne. 


Cp2ZrC3H3 
(m/z  259) 


+ 


HCsC-CH- 


Cp2ZrC6H?" 
(m/z  299) 


(2-16) 


Product  ion  Cp2ZrC3H3+  is  produced  with  exclusive  loss 
of  CD3H  in  the  reaction  of  propyne  with  Cp2ZrCD3+  (eq  2-17) 
The  formation  of  Cp2ZrCH3+  is  also  observed  alonq  with  the 
products  from  elimination  of  H2,  HD,  and  D2  (eqs  2-18, 
2-19) . 


+ 


Cp2ZrCD3"r   +   HCsC-CH3 
(m/z  238) 


+ 


Cp2ZrC3H3"*"   +   CD3H    (2-17) 
(m/z  259) 


Cp2ZrCD3+   +   HC=C-CH3   -   Cp2ZrCH3+   +   HC=C-CD3   (2-18) 
(m/z  238)  (m/z  235) 


Cp^ZrCD-,"1"   +   HC-C-CH- 


Cp2ZrC4H4D+   +    D2 

(m/z  274) 
Cp2ZrC4H3D2+   +   HD  (2-19) 

(m/z  275) 
Cp2ZrC4H2D3+   +   H2 
(m/z  276) 
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The  reaction  of  1  with  phenylacetylene  is  analogous  to 
the  reaction  with  propyne,  however,  two  additional  products 
are  observed  (eq  2-20,  2-21). 

Cp2ZrCH3+   +   HC=C-Ph   -   Cp2ZrC3H4Ph+  (2-20) 

(m/z  235)  (m/z  337) 

Cp2ZrCH3+   +   HCsC-Ph   -*   Cp2ZrPh+   +   CH3C=CH    (2-21) 
(m/z  235)  (m/z  297) 

Cp2ZrC3H4Ph+  is  inert  to  subsequent  detectable 
reaction,  and  the  small  amount  of  Cp2ZrPh+  does  not  yield 
observable  reaction  products. 
Collision  Induced  Dissociation  fCID)112  of  Cp2ZrCH3^ 

CID  experiments  on  Cp2ZrCH3+  (m/z  235)  show  the  loss  of 
CH3  (eq  2-22).   At  higher  fragmentation  energies  m/z  194  and 
192  are  observed.   Only  trace  m/z  155  is  produced  in  the  CID 
experiment.   In  addition,  m/z  194,  192  and  155  are  produced 
in  the  CID  of  m/z  220. 

Cp2ZrCH3+       -»      Cp2Zr+  +  *CH3  (2-22) 

(m/z  235)  (m/z  220) 

CID  of  Product  Ions 

Collision  induced  reactions  or  rearrangements  such  as 
the  loss  of  H2  or  unsaturated  hydrocarbons  are  observed  as 
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well  as  more  direct  fragmentation  processes.115   In  all 
cases  the  fragment  Cp2Zr+  (m/z  220)  is  observed.   Product 
ions  with  a  given  m/z  value  may  be  formed  from  different 
substrates.   A  comparison  of  CID  spectra  for  ions  of  common 
m/z  value  often  provides  evidence  for  more  than  one  distinct 
structure.   For  example  Cp2ZrC4H7+  (m/z  275)  is  produced 
from  propylene,  allene,  isobutene,  trans-2-butene,  and  cis- 
2-butene  (eqs  2-23  -  2-27). 


1   +   C3H6 


Cp2ZrC4H7+    +    H2      (2-23) 
(m/z  275) 


1   +    C3H4 


Cp2ZrC4H7+ 
(m/z  275) 


(2-24) 


1  +   iso-C4Hg 


Cp2ZrC4H7+    +    CH4     (2-25) 
(m/z  275) 


1   +   trans-2-CAH 


4"8 


Cp2ZrC4H7+    +    CH4     (2-26) 
(m/z  275) 


1   +    cis-2-C,H 


4"8 


Cp2ZrC4H7+    +    CH4     (2-27) 
(m/z  275) 


CID  of  the  product  ions  with  m/z  275  in  eqs  2-23  -  2-25 
produce  m/z  235  and  m/z  220  (eq  2-28)  at  approximately  the 
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same  excitation  energy  and  in  roughly  the  same  proportions, 
whereas  CID  of  m/z  275  in  eg  2-26  produces  m/z  221  and  m/z 
220  (eg  2-29).   CID  of  m/z  275  in  eg  2-27  could  not  be 
obtained  due  to  its  low  abundance. 


Cp2ZrC4H7+ 
(m/z  275) 


Cp2ZrCH3+   +   C3H4 
(m/z  235) 


Cp2Zr 


.+ 


+   C4H? 


(m/z  220) 


(2-28) 


Cp2ZrC4H7+ 
(m/z  275) 


■»   Cp2ZrH+   +   C3H 
(m/z  221) 


Cp2Zr'+   +   C4H? 
(m/z  220) 


(2-29) 


Discussion 

The  reactions  of  1  with  olefins  and  alkynes  can  be  best 
described  in  the  context  of  two  major  reaction  seguences: 
the  migratory  insertion  of  unsaturated  hydrocarbons  into  the 
zirconium-methyl  bond,  and  the  activation  of  C-H  bonds  via 
a-bond  metathesis,  (Scheme  2-1,  2-2  respectively).   Both 
reaction  seguences  are  well  precedented  in  the  solution 


49 


reactions  of  similar  neutral  and  cationic,  electron 
deficient  d°fn  metal  complexes.73'74'23'41'52-63  Metathesis 
in  this  study  is  indicated  by  reactions  of  Cp2ZrCD3+  with 
hydrocarbons  that  produce  CD3H  as  the  sole  eliminated 
neutral. 


Scheme  2-1 


Cp2ZrCH3+  +  H2C=CRH 


Cp2Z< 


)CHR 


H2C 


CH- 


Cp2Zr+  CHR 


H2C 


Scheme    2-2 


Cp2ZrCD3+    +   R-H 


CD. 
/\3 


"I       + 


/ 
Cp,Z<  ^/H 

*  -s.  / 

R 


Cp2ZrR+  +  CD3H 


An  attempt  is  made  here  to  establish  that  insertion  and 
C-H  activation  processes  are  operative  in  the  gas-phase 
reactions  of  Cp2ZrCH3+  with  unsaturated  hydrocarbons. 
However,  it  is  necessary  to  identify  certain  aspects  of  the 
gas-phase  medium  that  differ  significantly  from  the 
condensed-phase  before  arguments  concerning  gas-phase 
reactivity  can  be  made  effectively. 

One  important  difference  in  the  two  media  arises  from 
the  freguencies  of  third  body  collisions.   In  solution, 
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reacting  species  are  nearly  always  in  contact  with  solvent, 
which  acts  as  an  energy  sink  by  continually  removing  excess 
energy  generated  during  a  reaction.   In  contrast,  third  body 
collisions  occur  much  less  frequently  in  the  low  pressure 
regime  of  the  FTICR  experiment  (10~8-10~5  torr) . 

Scheme  2-3  depicts  a  general  reaction  sequence  with  two 
pathways  to  products  for  an  exothermic  gas-phase 
ion/molecule  reaction.116-119  The  following  discussion  is 
simply  an  abbreviated  overview  of  the  principles  governing 
formation  of  products  as  they  apply  to  the  present  system. 


Scheme  2-3 


A+  +  B  J??1        (C*)+  — | 
k-l 


kdec   ^+ 

►   E+  +  F 


-    C+ 


kn[M] 


When  reactants  A+  and  B  interact  in  a  bimolecular 
exothermic  reaction  under  low  pressure  FTICR  conditions,  the 
energy  of  the  reaction  cannot  be  released  to  solvent  and 
therefore  resides  in  (C  )+  as  internal  energy.   The  excess 
internal  energy  of  (C  )+  (<  40  kcal/mol)  is  randomized  into 
all  vibrational  modes. 

Two  pathways  are  available  for  product  formation.   The 
activated  complex  (C  )+  may  undergo  unimolecular 
decomposition  or  stabilization  via  third  body  collision  to 
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produce  C+.   Infrared  photon  emission  is  another  process 
that  results  in  the  elimination  of  excess  internal  energy 
from  a  chemically  activated  species,  but  will  not  be 
discussed  further.   Unimolecular  decomposition  produces  E+ 
and  F  or  reactants  A+  and  B.   The  only  observable 
unimolecular  process  is  the  forward  reaction  yielding  E+  and 
F.   The  elimination  of  F  in  a  translationally  and 
vibrationally  excited  state  is  likely  and  also  provides  a 
means  for  removal  of  excess  energy  from  the  chemically 
activated  complex  (C  )+.   This  type  of  product  stabilization 
is  not  limited  to  the  elimination  of  a  single  neutral 
molecule.   If  E+  remains  vibrationally  excited  after  neutral 
elimination  from  (C  )+,  further  stabilization  may  occur  by 
additional  neutral  loss.  The  second  pathway  for 
stabilization  of  the  activated  complex  forms  product  ion  C+. 
In  the  strong  collision  limit,119  a  single  collision  of  M 
with  (C  )+  removes  the  excess  energy  necessary  for 
stabilization  and  observation  of  C+,  i.e.  after  a  third  body 
collision  C+  no  longer  has  the  internal  energy  necessary  to 
undergo  unimolecular  decomposition  at  a  significant  rate. 

Products  analogous  to  (C*)+  are  likely  to  form  in  the 
gas-phase  and  decompose  to  form  the  reactants,  if  kdec  is 
small  and  the  time  between  third  body  collisions  is  large  in 
comparison  to  the  lifetime  of  the  collision  complex,  (C  )+. 
In  order  to  observe  product  formation  a  stabilizing  third 
body  collision  is  necessary  unless  energy  can  be  removed  by 
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the  elimination  of  a  neutral  product.   For  example,  no 
product  ion  is  observed  in  the  reaction  of  Cp2ZrH+  with 
ethylene  (eq  2-30).   However,  the  reaction  of  Cp2ZrD+  and 

Cp2ZrH+  +  H2C=CH2   -   no  products  observed        (2-30) 

ethylene  shows  the  formation  of  Cp2ZrH+  (eq  2-31).   This  is 
explained  by  an  insertion/deinsertion/elimination  process. 

Cp2ZrD+  +  H2C=CH2    -*        Cp2ZrH+  +  H2C=CHD        (2-31) 

The  ethyl  insertion  product, (C*)+,  is  not  observed 
indicatinq  that  kdec  is  small  in  comparison  to  K_1   and  it 
decomposes  to  reactants  more  rapidly  than  it  is  stabilized 
by  a  third  body  collision.   Even  at  the  hiqhest  pressures 
available  in  the  FTICR  experiment,  kc[M]  is  small  compared 
to  k^ . 

Another  important  difference  for  the  qas-phase  FTICR 
experiment  results  because  the  system  is  not  closed,  i.e. 
reaqent  qases  are  leaked  into  and  pumped  throuqh  the  hiqh 
vacuum  chamber  continually.   Any  neutral  molecule  formed  in 
an  ion  molecule  reaction  is  rapidly  pumped  out  of  the 
system.   The  removal  of  neutral  products  in  this  fashion 
completely  prevents  the  formation  of  products  from  neutrals 
eliminated  in  previous  reactions.   Thus  product  ions  are 
produced  only  from  neutral  substrates  admitted  throuqh  inlet 
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leak  valves.   In  addition,  the  number  of  ions  present  in  the 
ICR  cell  is  in  the  range  of  io6.120'121  Therefore  the 
pressure  of  neutral  molecules  generated  from  an  ion/molecule 
reaction  is  extremely  small  («  10~13-10~12  torr)  compared  to 
the  overall  substrate  pressure  (10   -10   torr). 
Structure  of  Cp2ZrCH3+ 

The  structure  of  1  is  of  obvious  importance  when 
considering  its  reaction  chemistry.   The  crystal  structure 
of  unligated  Cp*2ScCH3,74  which  is  isoelectronic  with  cation 
1  indicates  a  pseudo-trigonal  planar  geometry  around  the 
metal  center,  with  the  Cp  ligands  bent  back.   It  is  not 
likely  that  1  is  a  methylene  hydride  isomer,  since  such  a 
structure  requires  further  oxidation  of  the  d°  zirconium 
center.   In  addition,  CID  of  1  initially  shows  the  loss  of 
CH3 ,  (eq  2-22)  affirming  the  metal-methyl  structure  and  no 
fragments  corresponding  to  Cp2ZrCH2+  or  Cp2ZrH+  are 
observed. 

In  considering  the  reactions  of  1  with  hydrocarbons  it 
is  important  to  characterize  the  extent  of  involvement  of 
the  Cp  ligand  hydrogens.   Complications  in  the  mechanistic 
interpretation  of  observed  reactions  and  H/D  scrambling 
would  result  from  participation  of  ring  hydrogens  in  the 
elimination  of  neutral  molecules.   In  a  prior  publication  we 
assumed  the  llCp2Zr"  unit  retains  its  integrity  throughout 
reactions  with  H2,  ethylene  and  propylene;  no  direct 
evidence  supporting  this  assumption  was  presented.114 
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Evidence  for  the  retention  of  the  "Cp2Zr"  unit  and  lack 
of  Cp  ligand  hydrogen  involvement  in  observed  reactions  is 
provided  by  the  absence  of  elimination  of  HD  or  H2  for  the 
reaction  of  Cp2ZrCD3+  with  C2D4.   The  reaction  of  Cp2ZrCD3+ 
with  C2D4  yields  Cp2ZrC3D5+  and  D2.   The  analogous  reaction 
of  1  with  C2D4  indicates  significant  H/D  scrambling  (eg  6). 
Reactions  of  Cp2ZrCH3+  with  H2 ,  D2 ,  and  HD 

The  observed  kinetic  isotope  effect  in  the  reactions  of 
H2  and  D2  is  not  large.   In  the  reaction,  CH3  +  D2/H2  -» 
CH3D/H  +  D/H,  kH/kD  «  4  for  the  linear  transition  state.122 
A  non-linear  transition  state  leads  to  a  lower  kH/kD 
value.120  Thus,  the  kH/kD  value  for  reaction  of  1  with 
H2/D2  is  consistent  with  a  a-bond  metathesis  transition 
state. 
Reactions  of  Cp2ZrCH34"  with  Terminal  Olefins 

Two  general  types  of  terminal  olefins  and  allene  are 
discussed  in  this  section.   The  first  type  has  at  least  one 
hydrogen  in  the  2  position.   The  results  in  Table  1-3 
indicate  that  loss  of  H2  as  the  neutral  product  is  observed 
in  every  reaction  of  1  with  substrates  in  this  group. 

The  polymerization  of  these  a-olefin  substrates  might 
be  expected  since  Cp2ZrCH3 (THF)+  and  a  number  of  complexes 
similar  to  1  polymerize  ethylene.18 ' 40'42'55'74 ,77   However, 
we  have  pointed  out  insertion  of  ethylene  into  the  Zr-CH3 
bond  generates  a  chemically  activated  [Cp2Zr(n-prop)+] 
complex,  which  undergoes  an  intramolecular  rearrangement 
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resulting  in  the  loss  of  H2  through  a  six-membered 
transition  state.114  We  have  further  proposed  that  the 
Zirconium  product  ion  is  an  n3-allyl  complex.   The  proposed 
transition  state  may  also  be  drawn  in  analogy  to  the 
transition  state  for  intramolecular  a-bond  metathesis,  3.      A 
similar  transition  state  has  been  proposed  for  the  reaction 
of  Sc+  with  n-butane124  and  Cp*2Ln-R  with  propene  and 
hexene. 55/56 


H H 


Cp2Zr-- 


-CH. 


N  / 

H2C=CH 


+  + 


Conversion  of  the  rj3-allyl  complex  to  an  r?1  isomer 
before  coordination  of  monomer  has  been  proposed  for 
polymerization  of  ethylene  by  isolated  transition  metal 
allyls.6  The  isomerization  of  the  n3-allyl  to  n1  cannot  be 
promoted  by  the  associative  coordination  of  solvent  in  the 
gas-phase.   Therefore,  lack  of  further  insertion  is  also 
consistent  with  n3-allyl  formation.  Isomerization  is 
expected  to  be  endothermic  and  have  a  significant  barrier 
even  with  olefin  7r-bond  formation  to  the  n3-allyl  complex, 
because  conversion  of  the  rj3-allyl  to  n1  is  accompanied  by 
loss  of  resonance  stabilization  and  charge  derealization. 
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A  distinct  inhibition  of  insertion  is  associated  with 
structures  that  do  not  readily  allow  the  coordination  of 
unsaturated  substrates.77,53'125   Structures  4  and  5_  are  the 
two  most  probable  for  the  allyl  cations  resulting  from  the 
loss  of  H2  in  reactions  of  1  with  terminal  alkenes  larger 
than  propylene. 


H2C, 


Cp2Zr    |C-R 


+ 


H2C 


H9C 

Cp0Zr   \c-H 
// 

HCR 


+ 


Cp  2ScCH3+  reacts  with  alkenes  other  than  ethylene  by 
elimination  of  methane  rather  than  insertion  presumably 
because  of  the  sterically  restricting  Cp   ligands.  * 
Crowding  is  less  pronounced  in  cation  1  and  insertion  is 
apparently  preferred.   A  scandium  hydride  complex  with  a 
less  crowded  ligand  sphere  has  been  shown  to  insert  and 
isomerize  a  variety  of  pentadienes.  ^° 

The  dehydrogenation  of  allyl  ions  generated  from  alkene 
substrates  greater  than  C4  has  also  been  observed  in  the 
gas-phase  reactions  of  CoCH3+  and  FeCH3+.127   In  addition, 
two  molecules  of  H2  are  eliminated  in  some  reactions  of  bare 
metal  ions  with  alkanes  in  the  gas-phase.128'129  The  loss 
of  two  molecules  of  H2  for  reactions  of  1  with  alkenes  is 
most  likely  driven  by  the  exothermicity  of  the  insertion  and 
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formation  of  charge  delocalized  metallocyclobutenes,  6,  7. 

Several  titanacyclobutene  complexes  have  been  isolated 

and  characterized.130'131  clearly,  our  present  observations 


Cp2Zr( 


— i  + 


>C-H 


NC 

I 

H 


Cp2Zr; 


— 1  + 


H 
I 

c 


),C-R 


H 


cannot  be  explained  by  successive  oxidative  additions/H2 
eliminations,  because  oxidation  of  the  d°  zirconium  center 
is  energetically  prohibitive.   Thus,  oxidative  addition/ 
reductive  elimination  mechanisms  are  not  reguired  to  explain 
our  observations  and  the  application  of  this  mechanistic 
seguence  is  open  to  guestion. 

Hydrogen/deuterium  scrambling  is  also  observed  in  all 
cases  for  reactions  with  Cp2ZrCD3+.   Scrambling  of  the 
deuterium  label  has  been  reported  previously  for  the 
reaction  of  C2D4  with  1  and  Cl2TiCH3+.98  Scrambling  is  also 
observed  in  the  reaction  of  the  highly  coordinatively 
unsaturated  CoCD3+  with  ethylene.127 

The  discussion  of  H/D  isotope  scrambling  for  Cp2ZrCH3+ 
and  C2D4  is  also  applicable  to  the  scrambling  process  for 
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all  terminal  alkenes  studied  (eq  2-32) 


1  +  D9C=CD- 


Cp2ZrC3HD4 


+ 


+  H, 


(m/z  265) 

►    Cp2ZrC3H2D3+  +  HD  (2-32) 

(m/z  264) 

►    Cp2ZrC3H3D2+  +  D2 

(m/z  263) 
Insertion  of  terminal  alkenes  other  than  isobutene  and 
a-methyl  styrene  yields  migratory  insertion  products  with  at 
least  one  fl-hydrogen.   The  B-hydrogen  is  apparently  rapidly 
and  reversibly  transferred  before  elimination  of  H2  (eq  2- 
33). 


Cp2Zr 


H\ 

CHo   CHo 


Cp9Zr*~ijCH(CH^) 

cti2 


(2-33) 


This  reversible  B-hydride  abstraction  in  conjunction  with 
1,2  hydrogen  shifts  along  the  carbon  framework  provide  a 
mechanism  for  H/D  scrambling. 

Schemes  2-4  and  2-5  indicate  two  pathways  for  H/D 
scrambling  and  loss  of  D2.   D2  elimination  was  chosen  as  an 
example  because  it  requires  the  greatest  amount  of 
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Scheme   2-4 
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Scheme   2-5 
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rearrangement,  and  HD  and  H2  elimination  may  be  similarly 
described. 

Both  schemes  require  a  B-hydride  shift  and  the 
formation  of  a  carbonium  ion  on  the  carbon  chain.   The 
energy  required  to  generate  the  primary  carbonium  ion  in 
Scheme  2-4  should  not  be  in  excess  of  16  kcal  mol-1  (the 
value  of  the  energy  difference  for  the  1°  and  2°  carbonium 
ions  generated  from  propane).132  The  possibility  of  a 
favorable  interaction  of  the  charge  on  the  carbon  framework 
with  the  metal  center  and  the  stabilization  generally 
associated  with  charge  dispersal  in  larger  ions  indicate 
that  the  energy  required  to  generate  the  1°  carbonium  ion 
intermediate  is  less  than  16  kcal  mol-1.   Approximately  23 
kcal  mol-1  is  associated  with  formation  of  Cp2Zr(n-prop)+ 
from  1  and  ethylene  and  subsequent  B-hydride  shift  reduces 
the  excess  energy  of  the  complex  to  5-20  kcal  mol-1 .107 ' 108 
Thus  formation  of  the  1°  carbonium  ion  may  not  be 
thermodynamically  feasible. 

Scheme  2-5  also  requires  the  formation  of  a  carbonium 
ion,  but  in  this  case  the  charge  is  centered  in  the  B- 
position  with  respect  to  zirconium  and  thus  is  stabilized  by 
the  polarization  of  the  metal  center.   The  same  polarization 
is  apparently  important  in  lowering  the  energy  of  the 
transition  state  for  migratory  insertion  and  6-hydride 
shift.20'86 
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Scheme  2-5  indicates  formation  of  a  zirconium-carbon 
bond  in  the  2  position  of  the  three  carbon  chain.   This 
intermediate  is  reminiscent  of  the  insertion  product  that 
would  be  produced  from  anti-Markovnikov  addition  of 
propylene  to  Cp2ZrH+.   The  reaction  of  1  with  isobutene 
indicates  that  Markovnikov  addition  is  strongly  preferred 
but,  the  same  result  does  not  necessarily  follow  for  the 
reaction  of  Cp2ZrH+  with  propylene. 

Schemes  2-4  and  2-5  are  consistent  with  experimental 
results  but  involve  intermediates  that  may  be  energetically 
unfavorable,  therefore  neither  mechanism  is  clearly  favored 
to  explain  the  observed  scrambling. 

The  second  category  of  terminal  olefins  is  represented 
by  isobutene  and  a-methyl  styrene.   Both  substrates  react 
with  1  to  eliminate  methane  and  apparently  form  rp-allyl 
complexes   (£,9  R  =  CH3,  Ph)  (eg  2-34). 


,/CH3  „      „   H2^v 


1  +  H2C=C  -  Cp2Zr       ^C-R 

R  H2C 

8,9 


(2-34) 


The  assignment  of  allyl  structures  for  isobutene  and  di- 
methyl styrene  reaction  products  is  based  on  CID  spectra 
that  indicate  these  ions  are  identical  to  the  products 
formed  in  the  reaction  of  1  with  propylene  and  styrene 
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respectively. 

Qualitatively  these  reactions  occur  more  slowly  than 
reactions  of  other  terminal  alkenes.   Both  substrates  react 
with  Cp2ZrCD3+  to  eliminate  CD3H  exclusively.   An  analogous 
reactivity  is  seen  in  solution  for  Cp*2ScCH3  in  reactions 
with  several  alkanes,  alkenes  and  alkynes.74   This  process 
has  been  termed  a-bond  metathesis  and  occurs  rather  than 
insertion  because  of  the  steric  interaction  of  the  reacting 
substrate  with  the  ligand  environment.  The  ligand  imposed 
steric  requirements  for  insertion  of  alkenes  other  than 
ethylene  prevent  the  facile,  proper  orientation  of  the  C=C 
double  bond  necessary  for  migratory  insertion. 

In  the  reaction  of  Cp2ZrCH3+  with  isobutene  and  a- 
methyl  styrene,  both  vinylic  and  allylic  C-H  activation  are 
possible  as  depicted  in  Schemes  2-6  and  2-7.   Vinylic  C-H 
activation  of  isobutene  and  a-methyl  styrene  implies  the 
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formation  of  zirconium  vinyl  species,  which  apparently 
rearranges  by  a  1,3  hydride  shift  to  generate  8,9. 
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Generally  1,3  shifts  are  only  probable  when  the  origin  and 
terminus  of  the  shifting  hydride  are  in  close  proximity.133 
However,  examples  of  isomerization  of  vinyl  to  allyl 
complexes  are  known134  and  the  driving  force  for  the 
formation  of  the  allyl  products  is  likely  to  be  significant. 
Only  vinylic  C-H  activation  can  occur  in  the  reaction  of  1 
with  allene  and  it  is  competitive  with  insertion  for  that 
substrate. 

Allylic  C-H  activation  would  yield  the  rj3-allyl  cation 
directly.   The  reactivity  of  CoCH3+  and  FeCH3+  indicates 
that  C-H  activation  occurs  at  the  allylic  position  because 
of  the  ca.  20  kcal  mol-1  lower  bond  energy.127  The 
mechanism  proposed  for  reactions  of  CoCH3+  and  FeCH3+ 
involves  initial  insertion  of  the  metal  ion  into  the  allylic 
C-H  bond  followed  by  the  reductive  elimination  of  methane. 
Oxidative  addition  is  not  invoked  in  the  reactions  of  d 
metal  complexes  since  further  oxidation  of  the  metal  center 

Scheme  2-7 


Cp2ZrCD3 


+ 


H2C=C 


/CH3 


—i  + 


CD-, 


Cp2Zr( 


/  \ 


)H 


H2C=CS 


H2C^ 


Cp2Zr   ,^C-R 


H2C 


CD3H 


65 
is  recognized  as  energetically  unreasonable.74   The  present 
results  suggest  that  oxidative  addition  mechanisms  are  not 
the  only  possible  pathways  for  elimination  of  neutral 
molecules  in  analogous  bare-metal  ion  reactions. 

Cp2ZrCH3+  is  produced  in  the  reaction  of  Cp2ZrCD3+  with 
isobutene  and  provides  evidence  for  insertion  in  a 
Markovnikov  fashion.   Evidently,  insertion  produces  a 
zirconium-neopentyl  species,  10,  in  which  all  three  methyl 
groups  are  equivalent.   Thus  the  reverse  reaction, 


H3/c 


Cp2Zr 


H3C\  / 


iQ 


-CH- 


— 1  + 


H3C 

/CH2 
Cp0Zr — CK 

2    /  XCH3 

H3C 

11 


B-alkyl  shift  followed  by  isobutene  elimination  results  in 
the  formation  of  1.   B-alkyl  shift  has  been  observed  in 
solution  for  d°  and  d°fn  metal  complexes  in  reactions  with 
unsaturated  hydrocarbons.54'126  H2  is  not  eliminated 
because  no  B-hydrogens  are  available  to  initiate  the 
rearrangements  necessary  for  H2  loss  (Scheme  2-4,  2-5). 
Anti-Markovnikov  addition  of  isobutene  would  produce  ion  H, 
which  has  eight  B-hydrogens  and  would  be  expected  to  undergo 
facile  H2  elimination  (vide  infra). 
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Apparent  insertion/deinsertion  of  isobutene  without  H/D 
scrambling  is  further  evidence  for  the  necessity  of  the  13- 
hydride  shift  sequence  in  scrambling  rearrangements.   One 
might  expect  scrambling  through  intermediates  analogous  to 
those  presented  in  Scheme  2-4  and  2-5,  (i.e.,  12,  H) . 
However,  1,2  hydride  shifts  would  not  accomplish  the 
interchange  of  hydrogen  and  deuterium. 

D3C 

/CH3        /  /CH-, 

CP2ZVr/C~CH3  C?2Z<    >«3 

2C  ^C 

H2C+   ^CD3 

12.  H 

The  reaction  of  l  with  allene  yields  three  products. 
Two  of  the  products  are  proposed  to  result  from  an  insertion 
process  and  the  third  from  a-bond  metathesis.   CID  spectra 
of  the  Cp2ZrC4H?+  produced  from  allene  are  identical  to 
those  for  products  observed  in  the  reaction  of  propylene  and 
isobutene;  therefore,  insertion  of  allene  evidently  forms 
the  methylallyl  cation,  £,  directly.   A  small  portion  is 
dehydrogenated  to  produce  Cp2ZrC4H5+  the  structure  of  which 
is  most  likely  a  charge  delocalized  metallocyclobutene 
analogous  to  that  given  previously  for  7  (R  =  Me). 

The  product  of  a-bond  metathesis,  Cp2ZrC3H3+,  is  also 
proposed  to  be  a  metallocyclobutene  with  structure  2  (R  = 
H).   CID  of  Cp2ZrC3H3+  yields  uninformative  spectra  similar 
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to  those  obtained  for  the  product  of  the  same  mass  generated 
in  the  reaction  of  1  with  acetylene.   None  of  the  ions  react 
further  with  allene  implying  that  they  are  not  a-complexes. 
Reactions  of  Cp2ZrCH3+  with  Internal  olefins 

Cis  and  trans  isomers  of  2-butene  and  2-pentene  as  well 
as  cyclohexene  and  1, 5-cyclooctadiene  have  been  investigated 
(Table  2-2).   The  trans  isomers  react  almost  exclusively  by 
a-bond  metathesis  resulting  in  the  loss  of  CH4 .   This 
conclusion  is  supported  by  reactions  of  Cp2ZrCD3+  which  show 
no  H/D  scrambling  and  loss  of  CD3H  only.   Cis  isomers  yield 
products  from  both  insertion/elimination  and  a-bond 
metathesis.   The  major  product  for  cis-2-butene  and  cis-2- 
pentene  results  from  the  insertion  sequence.   No  a-bond 
metathesis  is  observed  for  either  of  the  two  cycloalkenes 
studied. 

The  influence  of  the  isomeric  cis  and  trans  structures 
for  internal  alkenes  leads  to  striking  differences  in 
reactivity.   Since  either  isomer  yields  identical  insertion 
products,  the  reactivity  difference  must  arise  from  the 
initial  orientation  of  the  alkene  as  it  interacts  with  the 
zirconium  center.   Trans  isomers  are  generally  bound  more 
weakly  than  their  cis  counterparts  in  7r-complexes  with 
transition  metals135  and  this  may  explain  the  lack  of 
insertion  for  the  trans  alkenes.   This  explanation  hinges  on 
the  assertion  that  coordination  of  the  alkene  as  a  7r-complex 
seems  necessary  for  insertion  to  occur.   In  the  present 
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scenario  there  is  obviously  a  vacant  coordination  cite  in 
cation  1.   However,  it  is  not  obvious  by  using  molecular 
models  that  cis  coordination  is  significantly  less 
sterically  hindered  than  trans  coordination.   Thus  the 
mechanistic  feature  responsible  for  the  large  difference  in 
reactivity  observed  for  cis  and  trans  isomers  presently 
defies  adeguate  description. 

The  cycloalkenes  offer  additional  information  because 
these  substrates  only  show  products  from  insertion/ 
elimination  reactions.   One  might  expect  similar  products 
for  reactions  of  cis-2-butene  and  cyclohexene.   The 
controlling  factor  in  this  case  is  apparently  the  stability 
of  the  resulting  products  from  a-bond  metathesis.   The 
product  of  the  reaction  of  cis-2-butene  and  1  is  proposed  to 
generate  an  allyl  complex,  because  subseguent  reaction  with 
cis-2-pentene  is  not  observed.   Allylic  and  vinylic  C-H 
activation  are  possible  in  reactions  of  1  and  2  with 
internal  olefins.   For  cyclohexene  the  formation  of  an  rj 
allyl  complex  produced  from  a-bond  metathesis  is  probably 
precluded  by  an  unfavorable  steric  interaction  of  the  C6 
ring  with  the  Cp  ligands.   The  f)3-allyl  species  generated  by 
insertion  and  elimination  of  H2  is  not  as  sterically 
unfavorable  as  the  rj3-allyl  formed  from  the  metathesis 
reaction. 
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Reaction  of  Cp2ZrCH3+  with  Fluorinated  Alkenes 

The  absence  of  products  attributable  to  insertion  for 
reactions  of  l  with  fluorinated  substrates  is  explained  by 
polarization  considerations  in  a  four-membered  four-electron 
transition  state,  19  (R  =  F,  CF3).   The  barrier  for  methyl 
migration  is  significantly  increased  due  to  destabilization 
of  the  transition  state  caused  by  the  electron  withdrawing 
inductive  effect  of  the  fluoro,  and  trif luoromethyl 
substituents. 

+ 

CH, 
CP2Z<     >\ 

6~      Z 
19    R  =  F,  CF3 

Reactions  of  CP2ZrCH3+  with  ATkyngs 

Reactions  of  l  with  four  alkynes  were  investigated  and 
products  proposed  to  result  from  both  a-bond  metathesis  and 
insertion  are  observed.   Acetylene,  the  simplest  alkyne 
reacts  readily  with  1  to  produce  Cp2ZrC3H3+,  6  (R  =  H) ,  and 
eliminate  H2 .   Reaction  of  Z   with  acetylene  indicates  H/D 
scrambling;  however,  the  elimination  of  H2  is  not  observed 
in  significant  amount.   Since  no  further  insertion  occurs 
the  structure  of  Cp2ZrC3H3+  is  most  likely  a  charge 
delocalized  metallocyclobutene  analogous  to  6  (R  =  H) .   No 
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products  from  a-bond  metathesis  are  observed  in  the  reaction 
of  1  with  acetylene. 

A  large  portion  of  the  products  in  the  reaction  of  1 
with  diphenylacetylene  do  not  eliminate  a  neutral  molecule. 
Insertion  followed  by  1,3  hydride  shift  is  proposed  to  yield 
the  allyl  complex  H.   Elimination  of  H2  also  takes  place, 
probably  producing  a  metallocycle  similar  to  14..   No  further 
reaction  is  observed  for  either  product  ion. 


Cp0Zr   \cPh 

// 

HCPh 

14 


Propyne  and  phenylacetylene  yield  products  from  both  a- 
bond  metathesis  and  insertion.   The  metathesis  route  gives 
products  that  continue  to  react  with  substrate  implying  that 
they  are  a-complexes  rather  than  delocalized  allyls  or 
metallocycles.   Metathesis  product  structures  are  given  as 
15  and  1£  for  propyne  and  phenylacetylene. 

Cp2Zr-CsC-CH3+  Cp2Zr-C=C-Ph+ 

15.  1£ 
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A  second  insertion  yields  products  Cp2ZrC6H7+,  and 
Cp2ZrC4HPh2+,  which  are  inert  to  further  insertion 
indicating  that  these  species  are  not  simple  a-complexes  but 
also  occupy  an  additional  zirconium  coordination  cite. 

Cp*2ScCH3  was  shown  to  catalyze  the  dimerization  of 
propyne  to  the  gem-enyne  H2C=C(CH3 )0=CCH3 . 74   The  proposed 
mechanism  involves  initial  a-bond  metathesis  generating  a 
propynyl  complex  which  undergoes  insertion  followed  by  a- 
bond  metathesis,  eliminating  the  gem-enyne  product.   Two  of 
the  three  steps  in  this  process  are  observed  in  the  gas 
phase  reactions  of  1  with  propyne  and  phenylacetylene  (egs 
2-35,  2-36).   However,  the  final  a-bond  metathesis  reaction, 
eliminating  H2C=C(CH3 )C=CCH3  does  not  occur  (eg  2-37).   This 
may  simply  be  due  to  a  significantly  lower  rate  for  the 
elimination  process  and  can  be  explained  by  the  interaction 
of  the  alkyne  portion  of  the  insertion  product  and  the 
zirconium  center.   In  solution  this  interaction  can  be 
removed  by  coordination  of  solvent  which  would  make  the 
final  a-bond  metathesis  event  energetically  more  favorable. 

Several  structures  are  possible  for  Cp2ZrC6H7+,  and 
Cp2ZrC4HPh2+.   CID  experiments  show  loss  of  a  single  propyne 
and  phenylacetylene  unit  respectively.   Structures  17  and  H 
are  consistent  with  the  observed  results  and  the  reaction  of 
Cp*2ScCH3  with  propyne.   The  similarity  in  the  reactions  of 
propyne  and  phenylacetylene  indicates  that  this  reactivity 
may  be  common  to  a  variety  of  a-alkynes. 


Cp2ZrCH3+   +   HC=C-R 
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Cp2Zr'r-CsC-R   +   HC=C-R 

15.,   13 
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H2C=C(CH3)CsCCH3 
*— "  +  (2-37) 

Cp2Zr+-C=C-R 
15,  16 


Conclusions 

Reaction  of  l  and  2.   with  alkenes  and  alkynes  via  methyl 
migratory  insertion  is  supported  by  several  experimental 
observations.   Reaction  of  2  with  isobutene  and  propyne 
yield  1,   which  is  explained  by  an  insertion/deinsertion 
process  in  which  the  proposed  insertion  product  decomposes 
by  B-alkyl  elimination.   In  addition,  B-hydride  elimination 
is  proposed  to  explain  the  formation  of  Cp2ZrH+  in  the 
reaction  of  Cp2ZrD+  with  ethylene. 
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Insertion  of  terminal  alkenes  other  than  isobutene  and 
a-methyl  styrene  yield  products  with  fl-hydrogens.   Since 
insertion  is  highly  exothermic,  decomposition  of  the 
apparent  insertion  products  is  not  unexpected.   6-hydride 
shift  provides  the  initial  step  for  the  elimination  H2  and 
H/D  scrambling  in  reactions  with  labelled  reactants. 
Reaction  of  1  with  isobutene  via  Markovnikov  addition  does 
not  yield  an  alkyl  product  with  a  6-hydrogen.   Therefore, 
elimination  of  H2  is  not  expected  and  not  observed. 

The  product  from  insertion  is  observed  in  the  reaction 
of  1  with  allene.   CID  spectra  of  this  product  is  identical 
to  that  of  the  product  generated  in  the  reaction  of  1  and 
propylene,  which  is  also  consistent  with  Markovnikov 
addition. 

The  strongest  evidence  for  a-bond  metathesis  is  the 
exclusive  elimination  of  CD3H  for  methane  extrusion 
reactions  of  2.  with  alkene  substrates.   The  absence  of 
scrambling  for  methane  elimination  reactions  and  the 
elimination  of  CH3D  in  the  reaction  of  1  with  D2  are 
consistent  with  a  four  membered  transition  state  proposed 
for  a-bond  metathesis  reactions  in  solution. 

In  addition,  a-bond  metathesis  kinetic  studies  in 
condensed  phase  indicate  alkynes  undergo  a-bond  metathesis 
more  rapidly  than  alkenes.74   This  kinetic  trend  is 
apparently  upheld  for  reactions  of  1  with  terminal  alkenes 
and  alkynes  in  the  gas-phase.   Since  the  rate  for  insertion 
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of  alkenes  and  alkynes  is  similar,  the  kinetic  trend  for  o- 
bond  metathesis  is  indicated  by  an  increase  in  the  relative 
rate  of  a-bond  metathesis  compared  to  insertion  for  alkynes. 
Thus,  insertion  predominates  for  most  alkene  substrates, 
whereas  a-bond  metathesis  is  competitive  with  insertion  for 
several  alkynes. 

The  mechanistic  interpretation  of  the  reactions  of  1  is 
simplified  because  of  the  absence  of  accessible  zirconium 
oxidation  states.   Thus,  oxidative  addition  and  reductive 
coupling,  often  invoked  to  explain  the  reactions  of  bare 
metal  ions,  are  highly  improbable  mechanistic  sequences  in 
the  reactions  of  JL.   This  suggests  that  mechanisms  other 
than  oxidative  addition/reductive  elimination  may  also  be 
applied  to  the  reactions  of  bare  metal  ions  in  the  gas- 
phase. 

We  have  demonstrated  that  processes  observed  in  the 
solution  reactions  of  d°fn  organometallic  complexes  are  also 
observed  for  the  Cp2ZrCH3+  in  the  gas-phase.   The  gas-phase 
investigation  of  cation  1  provides  a  unique  opportunity  to 
characterize  the  a-bond  metathesis  and  insertion  reaction 
sequences  in  the  absence  of  solvent,  especially  because  the 
results  can  be  compared  to  the  same  processes  for  analogous 
complexes  in  solution.   The  present  results  also  suggest 
that  information  pertaining  to  the  synthesis  of  a  variety 
organometallic  complexes  and  possible  side  reactions  may  be 
obtained  by  gas-phase  studies. 
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Experimental 

Results  for  ion/molecule  reactions  were  obtained  by 
using  Fourier  Transform  Ion  Cyclotron  Resonance  Mass 
Spectrometry.   Two  different  mass  spectrometers  were 
employed  for  reaction  studies.   Data  used  in  determination 
of  rate  constants  were  acquired  with  a  Nicolet  FTMS  1000 
(3.0  tesla).   Product  distributions  were  determined  mainly 
on  the  second  system,  which  is  constructed  around  a  2.0 
tesla  magnet.   The  second  system  is  very  similar  to  the  FTMS 
1000;  the  main  difference  is  a  larger  vacuum  chamber  and 
increased  pumping  capability.   A  check  of  product 
distributions  for  the  same  reactions  determined  on  the  two 
systems  show  good  agreement  within  experimental  error. 

Electron  impact  (EI)  (11-12  eV)  on  Cp2Zr(CH3)2  (p  « 
10~8  -10-7  torr)  yields  predominantly  Cp2ZrCH3+  and  Cp2Zr+. 
Cp2Zr+  any  ionized  substrate  are  ejected  from  the  ICR  cell 
isolating  Cp2ZrCH3+  for  reaction  studies.   Substrates  are 
generally  present  at  pressures  ca.  10~7-106  torr.   Argon  or 
krypton  are  used  as  buffer  gases  at  pressures  in  the  10  D- 
10~5  torr  range.   A  thermalization  time  precedes  the 
acquisition  of  data  and  permits  Cp2ZrCH3+  multiple 
collisions  with  buffer  gas  to  ensure  reactions  are  studied 
under  thermal  conditions. 

The  formation  of  binuclear  zirconium  ions  limits  the 
study  of  ion/molecule  reactions  to  those  with  rate  constants 
above  109  M^s-1  (10~12  cm3s-1).   However,  these  limits  can 
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be  augmented  with  pressures  of  Cp2Zr(CH3)2  in  the  low  10"8 
torr  range. 

Water  reacts  with  1  rapidly,  even  present  as  a  slight 
impurity  in  a  substrate  (eg  2-38).   Therefore,  drying  of 
substrates  is  imperative. 

Cp2ZrCH3+   +   H20   -+   Cp2ZrOH+   +   CH4  (2-38) 

The  method  used  for  determination  of  rate  constants  was 
described  previously  and  yields  values  estimated  to  be 
within  ±  30%  of  the  absolute  rate  constants.   Product 
distributions  and  rate  constants  are  reported  in  the  text 
with  95%  confidence  limits. 

Cp2Zr(CH3)2  and  Cp2Zr(CD3)2  were  synthesized  according 
to  a  literature  preparation136  and  analyzed  by  NMR  and  mass 
spectrometry.   Deuteromethyllithium  was  synthesized  in  dry 
diethyl  ether  from  CD3I  purchased  from  Aldrich.   Mass 
spectrometric  analysis  of  Cp2Zr(CH3)2  indicates  >  99% 
deuteration. 

Liguid  substrates  were  purchased  from  Aldrich  in  high 
purity  and  used  after  drying  over  CaH2 .   C2D4  and  D2  were 
purchased  from  Cambridge  Isotope  Labs  and  used  as  received. 
All  other  gases  were  purchased  from  commercial  sources  in 
high  purity  and  used  without  further  purification. 
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CHAPTER  3 
REACTIONS  OF  BIS(CYCLOPENTADIENYL)METHYLZIRCONIUM  (1+) 

WITH  NITRILES 


Introduction 

Several  reports  have  recently  appeared  in  which 
electrophilic  organometallic,  lanthanide,  actinide,  and 
early  transition  metal  alkyls  and  hydrides  coordinate  and 
insert  nitriles.137-146   In  some  instances  it  is  possible  to 
isolate  simple  coordination  complexes79  while  in  other  cases 
insertion  takes  place  rapidly  and  an  intermediate  nitrile 
adduct  is  not  observed.125'140  Certain  azomethine  insertion 
products  react  with  a  second  equivalent  of  nitrile  yielding 
an  isolable  metalloheterocycle.125'143  Nitrile  insertion  is 
also  known  for  aluminum  alkyls  and  hydrides147-149  and 
normally  occurs  when  the  nitrile  adducts  are  heated.150'151 
Reactions  of  the  higher  alkyls  of  aluminum  indicate  that 
oxidation  of  the  alkyl  ligands  to  alkenes  competes  with 
insertion.   Many  of  the  same  processes  reported  for  the 
aforementioned  complexes  are  also  observed  in  the  gas-phase 
reactions  of  Cp2ZrCH3+,  1,  with  nitriles. 

We  have  a  continuing  interest  in  developing  relevant 
comparisons  of  the  reactivity  of  organometallic  complex  ions 
in  the  gas-phase  and  solution.114'152'153  Our  current 
objective  is  to  investigate  and  understand  the  reactivity  of 
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78 
the  electrophilic  Cp2ZrCH3+  cation,  which  presents  an 
opportunity  to  study  transformations  with  several  nitrile 
substrates  without  interference  from  solvent. 

Reactions  are  studied  by  using  Fourier  Transform  Ion 
Cyclotron  Resonance  mass  spectrometry  (FTICR) . 111_113   The 
unfortunate  absence  of  direct  structural  probes  in  the 
present  configuration  of  the  FTICR  is  compensated  somewhat 
by  the  nature  of  Cp2ZrCH3+.   This  zirconium  (IV)  alkyl 
cation  is  formally  d°  and  therefore  cannot  reasonably 
undergo  oxidative  addition,  which  limits  the  number  of 
structures  and  mechanistic  permutations  available  for  the 
various  reactions  described.   The  present  work  is  a  report 
of  the  reactions  of  Cp2ZrCH3+  with  several  alkyl  nitriles 
and  benzonitrile.   Attempts  are  made  to  compare  gas-phase 
and  solution  reactivity  whenever  possible  and  some 
thermodynamic  data  are  also  included. 

Results 
We  applied  FTICR  mass  spectrometry  to  study  the 
reactions  of  1  with  several  n-alkyl  nitriles,  (CH3)3CCN  and 
benzonitrile.   Reactions  were  monitored  as  a  function  of 
time  until  no  net  change  in  the  relative  abundance  of  the 
product  ions  occurred. 

Zirconium  product  ions  of  the  form  Cp2ZrC  H  N  +  yield 
seven  observed  isotopic  species.  For  clarity,  the  product 
ions  are  reported  as  a  single  (m/z)  value  corresponding  to 
isotopic  species  containing  the  most  abundant  90Zr  isotope. 
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In  this  section  product  ions  are  indicated  by  an  empirical 
formula  Cp2ZrCxHyNz+  and  no  structure  is  implied  other  than 
the  Cp2Zr  unit.   The  eliminated  neutral  is  taken  to  be  the 
most  stable  species  possible  with  the  correct  molecular 
formula.   Detailed  structures  of  the  Zr  product  ions  will  be 
presented  in  the  Discussion  section. 

Collision  induced  dissociation  (cid)115'154"156  of  1 
shows  only  the  loss  of  -CH3,  strongly  implying  a  metal 
methyl  structure.   Reaction  of  Cp2ZrCD3+  with  CD3CN  and  CID 
of  the  resulting  products  shows  an  absence  of  H/D  scrambling 
even  in  the  high  energy  CID  experiment,  indicating 
involvement  of  the  Cp  ligand  hydrogens  is  insignificant. 
Reaction  of  Cp2ZrCH3+  with  CHjCM 

The  interaction  of  1  with  CH3CN  results  in  two 
seguential  reactions  producing  Cp2ZrC3H6N+  (m/z  276)  and 
Cp2Zr2c5H9N+  (m/z  317)  (eq  3-1,  3-2).   However,  the  reaction 
represented  in  eq  3-2  does  not  proceed  to  completion  (Fig 

Cp2ZrCH3+  +  CH3CN   -   Cp2ZrC3H6N+  (3-1) 

Cp2ZrC3H6N+  +  CH3CN   -   Cp2ZrC5H9N2+  (3-2) 

3-1).   The  final  ratio  of  m/z  276  :  m/z  317  is  approximately 
0.6  ±  0.1  and  shows  little  variation  as  the  internal  energy 
of  1  is  increased  by  augmenting  the  EI  beam  voltage  from  11 
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Figure  3-1 


Ion  abundance  vs.  time  for  the  reaction  of 
1  with  CH3CN.   Data  are  normalized  to  the 
total  ion  abundance  and  fit  with  a  cubic 
spline. 
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eV  to  20  eV.   The  final  ratio  is  also  invariant  in  the 
presence  of  argon  or  cyclohexane  buffer  gas. 

Experiments  on  the  effect  of  increasing  nitrile 
pressure  indicate  that  the  reaction  shown  in  eg  3  is  not  an 
eguilibrium.   Ejection  of  m/z  276  after  a  final  ratio  has 
been  established  shows  no  back  reaction  to  form  m/z  317; 
likewise  ejection  of  m/z  317  proves  no  subseguent  forward 
reaction  occurs.   However,  unreacted  m/z  276  can  be 
converted  to  m/z  317  in  the  following  manner.   Low  energy  RF 
irradiation  of  m/z  276  causes  an  increase  in  its 
translational  energy  without  inducing  collisional 
fragmentation.   The  effect  of  this  translational  excitation 
followed  by  collisions  with  buffer  gas  and  reaction  with 
CH3CN  is  measured  as  an  increase  in  the  abundance  of  m/z 
317,  i.e.,  a  portion  of  the  unreacted  Cp2ZrC3H6N+  (m/z  276) 
is  converted  to  Cp2ZrC5H9N2+  (m/z  317)  by  increasing  the 
total  energy  of  m/z  276  and  allowing  time  for  reaction  with 
CH3CN. 

In  normal  CID  experiments  on  m/z  317,  the  formation  of 
m/z  276  is  observed  at  lower  energies  (eg  3-3)  and  as  the 
CID  energy  is  increased  m/z  235  and  m/z  220  are  also 
detected  (eg  3-4,  3-5). 
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Cp2ZrC5H9N2+ 
(m/z  317) 


Cp2ZrC3H6N+  +  CH3CN       (3-3) 

(m/z  276) 

Cp2ZrCH3+  +  2CH3CN        (3-4) 

(m/z  235) 

Cp2Zr,+  +  2CH3CN  +  ■ CH3   (3-5) 

(m/z  220) 


CID  of  m/z  276  before  the  final  ratio  is  established  is 
consistent  with  CID  of  m/z  317  (eq  3-6,  3-7).   Furthermore, 


Cp2ZrC3H6N 


+ 


Cp2ZrCH3+  +  CH3CN 
(m/z  235) 


..+ 


(3-6) 


Cp2Zr'T  +  CH3CN  +  'CH3    (3-7) 
(m/z  220) 


the  same  product  fragments  are  observed  for  CID  of  m/z  276 
after  the  final  ratio  is  attained. 

Reactions  of  1  with  CD3CN  are  exactly  analogous  to 
those  for  CH3CN,  however  this  substrate  allows  the  detection 
of  a  product  previously  indistinguishable  from  the  reactant 
cation  1.   Cp2ZrCD3+  (m/z  238)  is  formed  in  the  early  stages 
of  the  reaction  (eq  3-8).   Complete  conversion  of  Cp2ZrCH3+ 
to  Cp2ZrCD3+  does  not  occur  before  addition  of  CD3CN  forms 
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Cp2ZrCH3+  +  CD3CN     -     Cp2ZrCD3+  +  CH3CN       (3-8) 
(m/z  235)  (m/z  238) 

Cp2ZrCH3+  +  CD3CN     -♦     Cp2ZrC3H3D3N+  (3-9) 

(m/z  235)  (m/z  279) 

m/z  279  (eq  3-9).   The  production  of  Cp2ZrCD3+  can  be 
completely  suppressed  by  using  a  low  pressure  of  CD3CN 
(lxlO-7  torr)  and  a  high  pressure  of  cyclohexane  buffer  gas 
(5xl0~6  torr) . 
Reaction  of  Cp2ZrCH3+  with  fCH-^CCN 

Reaction  of  1  with  (CH3)3CCN  is  similar  to  reaction 
with  CH3CN  in  that  two  sequential  additions  of  nitrile  occur 
producing  Cp2ZrC6H12N+  (m/z  318)  and  Cp2ZrCi;LH2;LN2+  (m/z 
401)  (Fig  3-2)  (eq  3-10,  3-11). 

Cp2ZrCH3+  +  (CH3)3CCN     -♦      Cp2ZrC6H12N+      (3-10) 
(m/z  235)  (m/z  318 

Cp2ZrC6H12N+  +(CH3)3CCN    -♦     Cp2ZrC1;LH2;LN2+    (3-11) 
(m/z  318)  (m/z  401) 

In  analogy  to  the  CH3CN  system  the  reaction  depicted  in  eq 
3-11  does  not  proceed  to  completion.   The  final  ratio  m/z 
318  :  m/z  401  is  5.5  ±  0.1.   Low  power  RF  irradiation  of 
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Figure  3-2 


Ion  abundance  vs.  time  for  the  reaction  of 
1  with  (CH3)3CN.   Data  are  normalized  to 
total  ion  abundance  and  fit  with  a  cubic 
spline. 
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m/z  318  after  the  system  attains  the  constant  final  ratio  is 
effective  in  promoting  the  conversion  of  m/z  318  to  m/z  401. 

The  results  of  CID  experiments  on  Cp2ZrCi;LH21N2+  and 
Cp2ZrC6H12N+  resemble  those  for  the  products  of  the  CH3CN 
reaction.   Apparent  loss  of  (CH3)3CCN  occurs  from  both  m/z 
318  and  m/z  401  (eq  3-12,  3-13).   Infra-red  multi-photon 

Cp2ZrCi;LH2;LN2+    -    Cp2ZrC6H12N+  +  (CH3)3CCN    (3-12) 
(m/z  401)  (m/z  318) 

Cp2ZrC6H12N+      -    Cp2ZrCH3+  +  2(CH3)3CCN      (3-13) 
(m/z  318)  (m/z  235) 

dissociation  (IRMPD)157'158  of  Cp2ZrC6H12N+  by  using  a 

continuous  wave  C02  laser  (1090  cm"1)  is  consistent  with 

results  of  CID  experiments  producing  the  Cp2ZrCH3+  fragment 

ion. 

Reaction  of  Cp2ZrCH3+  with  PhCN 

Unlike  the  reaction  of  1  with  (CH3)3CCN  in  which  no 
Cp2ZrC(CH3)3+  is  observed,  nearly  90%  of  1  is  converted  to 

Cp2ZrCH3+  +  PhCN   -»   Cp2ZrPh+  +  CH3CN  (3-14) 

(m/z  235)  (m/z  297) 
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Cp2ZrPh+  (m/z  297)  (eq  3-14).   Cp2ZrPh+  reacts  with  PhCN  to 
produce  Cp2ZrCPh2N+  (m/z  400)  (eq  3-15).   Addition  of  PhCN 
to  Cp2ZrCPh2N+  yields  Cp2ZrC2Ph3N2+  (m/z  503)  (eq  3-16),  but 

Cp2ZrPh+  +  PhCN     -»     Cp2ZrCPh2N+  (3-15) 

(m/z  297)  (m/z  400) 

Cp2ZrCPh2N+  +  PhCN   -   Cp2ZrC2Ph3N2+  (3-16) 

(m/z  400)  (m/z  503) 

does  not  convert  all  m/z  400  to  m/z  503.  The  final  ratio, 
m/z  400  :  m/z  503,  is  0.3  ±  0.1.  Cp2ZrCH3+  also  adds  PhCN 
to  produce  Cp2ZrC2H3PhN+  (m/z  318)  (eq  3-17).  Addition  of 
PhCN  to  Cp2ZrC2H3PhN+  yields  Cp2ZrC3H3Ph2N2+  (m/z  441) 

Cp2ZrCH3+  +  PhCN    -    Cp2ZrC2H3PhN+  (3-17) 

(m/z  235)  (m/z  318) 


Cp2ZrC2H3PhN+  +  PhCN    -    Cp2ZrC3H3Ph2N2+       (3-18) 
(m/z  318)  (m/z  441) 

(eq  3-18).   However,  a  reliable  measurement  of  the  final 
ratio  m/z  338  :  m/z  441  is  unattainable  due  to  the  low 
intensity  of  these  product  ions. 
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CID  of  Cp2ZrC2Ph3N2+  (m/z  503)  yields  Cp2ZrCPh2N+  (m/z 
400),  which  is  the  reverse  of  eq  3-16.   Increasing  CID 
energy  causes  the  loss  of   two  PhCN  units.   However,  Cp2Zr'+ 
is  not  observed  even  at  high  CID  energies. 
Reaction  of  Cp2ZrCH3+  with  c2h5c^ 

The  reaction  of  1  with  C2H5CN  gives  several  products 
and  is  summarized  in  Scheme  3-1.   Approximately  80%  of  the 
total  product  ion  intensity  is  accounted  for  in  a  single 
reaction  pathway  involving  the  production  of  Cp-^ZrC^H, ,  N  + 
(m/z  331)  (Fig  3-3). 

CID  experiments  on  Cp2ZrC6Hl;LN2+  show  fragmentation  to 
form  Cp2ZrC3H6N+  (m/z  276)  (eq  3-19).   As  CID  energy  is 

Cp2ZrC6H11N2+     -     Cp2ZrC3H6N+  +  C2H5CN       (3-19) 
(m/z  331)  (m/z  276) 

increased  Cp2ZrH+  (m/z  221)  is  observed  in  a  nine  fold 
excess  over  Cp2ZrC2H5+  (m/z  249).   IRMPD  of  m/z  331  is  in 
agreement  with  the  CID  results  represented  in  eq  3-19,  but 
no  other  fragments  are  detected.   CID  of  Cp2ZrC3H6N+  (m/z 
276)  produces  Cp2ZrH+  in  higher  abundance  than  Cp2ZrC2H5+ 
resulting  in  CID  spectra  similar  to  that  recorded  for  high 
energy  CID  of  Cp2ZrC6H1;LN2+.   Finally,  Cp2ZrH+  is  the  only 
fragment  observed  in  the  CID  of  Cp2ZrC2H4N+  (m/z  262)  (eq  3- 
20). 
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Scheme  1-1 


Cp2ZrCH3+  +  C2H5CN 
(m/z  235) 


Cp2ZrNC4H8+       Cp2ZrC2H5+  +  CH-jCN 


(m/z  290) 


C2H5CN 


Cp2ZrNC4H8+ 
(m/z  345) 


(m/z  249) 


C2H5CN 


Cp2ZrNC2H4"r  +  C2H4 


(m/z  262) 


C2H5CN 


-*   Cp2ZrNC3H6T  +  CH3CN 
(m/z  276) 


C2H5CN 


Cp2ZrN2C6H11+ 
(m/z  331) 


The  following  ions  are  observed  in  less  than  1%  of  the 
total  ion  intensity:   Cp2ZrNC5H10+  (m/z  304)  is  produced  by 
addition  of  C2H5CN  to  m/z  249  and  Cp2ZrN2C5H9+  (m/z  317)  is 
produced  by  addition  of  C2H5CN  to  m/z  262. 
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Figure  3-3 


Ion  abundance  vs.  time  for  the  major 
reaction  pathway  in  the  reaction  of  1  with 
C2H5CN.   For  clarity  all  product  ions  are 
not  represented.   Data  are  normalized  to 
the  total  ion  abundance  and  fit  with  a 
cubic  spline. 
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Cp2ZrC2H4N+    -    Cp2ZrH+  +  C2H5CN  (3-20) 

(ra/z  262)  (m/z  221) 

Approximately  18%  of  the  product  ions  occur  in  an 
addition  pathway  similar  to  that  observed  for  CH3CN  and 
(CH3)3CCN  (Fig  3-4).   The  final  ratio  of  m/z  290  :  m/z  345 
is  0.8  ±  0.1  which  is  much  closer  to  that  measured  in  the 
CH3CN  system.   CID  of  these  product  ions  is  precluded  by 
their  low  intensity. 
Reaction  Of  Cp2ZrCH3+  with  "~^nH2nllCN  (n  =  3.41 

The  reactions  of  Cp2ZrCH3+  with  n-C3H?CN  and  n-C4H9CN 
are  summarized  in  Scheme  3-2.  The  general  reactivity  of 
these  two  n-alkyl  nitriles  is  similar  to  that  observed  for 
C2H5CN.   For  example,  one  series  of  reactions  comprises  over 
75%  of  the  final  product  ion  intensity  in  the  reaction  of  1 
with  n-C4HgCN  (Fig  3-5).   However,  a  new  reaction  pathway  is 
available  to  n-alkyl  nitriles  with  carbon  chains  longer  than 
that  of  C2H5CN  (eg  3-21).   Product  ions  from  this  reaction 
also  add  n-CnH2n+1CN  as  indicated  in  Scheme  3-2. 

Cp2zrCH3+  +  n-cnH2n+1CN   -  Cp2ZrCnH2n-l+  +  NC2H5   t3"21) 

The  single  common  reaction  seguence  observed  for  all 

nitriles  investigated  leads  to  the  products  Cp^ZrC  ^„H„  L,+ 

c 2.       n+2  2n+4 

(m/z  304,  318)  and  Cp2ZrC2n+3H4n+5N2+  (m/z  373,401).   The 
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Figure  3-4, 


Ion  abundance  vs.  time  for  the  addition 
pathway  in  the  reaction  of  1  with  C2H5CN. 
Data  are  normalized  to  total  ion 
abundance  and  fit  with  a  cubic  spline. 
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Scheme  3-2 


Cp2ZrCH3+  +  n-CnH2n+1CN  (n=3,4) 
(m/Z  235) 


I 

Cp2ZrNC2n+2H2n+4+ 
(m/z  304,318) 


n"CnH2n+lCN 


Cp2ZrN2C2n+3H4n+5 
(m/z  373,401) 


+ 


Cp2ZrNC2H4-  +  CnH2n 
(m/z  262) 


n-cnH2n+lCN 


Cp2ZrNCn+1H2n+  +  CH3CN 
(m/z  290,304) 


n-CnH2n+lCN 


Cp2ZrN2C2n+2H5n+1 
(m/Z  359,387) 


Cp2ZrCnH2n_1+  +  NC2H5 
(m/z  261,275) 


n-CnH2n+lCN 


Cp2ZrNC2n+1H4n 
(m/z  330,358) 


+ 
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100.00 


REACTION    OF   Cp2ZrCH3+    WITH    n-C4H9CN 
BUTENE    ELIMINATION    PATHWAY 


Figure  3-5. 


Ion  abundance  vs.  time  for  the  major 
reaction  pathway  in  the  reaction  of  1  with 
C4HgCN.   Data  is  normalized  to  the  total 
ion  abundance  and  fit  with  a  cubic  spline. 
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final  ratios  of  m/z  304  :  m/z  373  and  m/z  318  :  m/z  401  are 
1.4  ±  0.3  and  2.4  ±  0.2  respectively. 

CID  of  Cp2ZrC2n+2H4n+3N2+  (m/z  359,387)  produces 
fragments  Cp2ZrCn+1H2n+2N+  (m/z  290,304)  (eq  3-22), 
Cp2ZrCnH2n_1+  (m/z  261,275)  (eq  3-23),  and  Cp2ZrH+  (m/z  221) 
(eq  3-24) . 


CP2ZrC2n+2H4n+3N2+ 


Cp2ZrCn+1H2n+2N+  +  CnH2n+1CN 
(m/z  290,304) 


CnH2n+lCN  +  H3CN 


CP2ZrCnH2n-l+ 
(m/z  261,275) 

Cp2ZrH+  +  2CnH2n+1CN 

(m/z  221) 


(3-22) 


(3-23) 


(3-24) 


CID  of  Cp2ZrC2H4N+  (m/z  262)  yields  Cp2ZrH+  (m/z  221) 
as  the  only  fragment  ion.   CID  of  Cp2ZrCn+1H2n+2N+  (m/z  290, 
304)  is  consistent  with  spectra  for  high  energy  CID  of 

CP2ZrC2n+2H4n+3N2+  (m/z    359,387). 

The  low  yield  of  product  ions  Cp2ZrCn+2H2n+4N+  (m/z 
304,318)  complicate  CID  experiments,  nevertheless  it  is 
clear  both  ions  fragment  to  give  Cp2ZrCH3+  (m/z  235).   In 
addition,  Cp2ZrCn+1H2n+2N+  (m/z  304)  also  fragments  to 
produce  Cp2ZrC2H4N+  (m/z  262).   CID  experiments  on  m/z 


95 
330,358  were  unsuccessful  due  to  the  low  abundance  of  these 


ions 


The  effect  of  the  internal  energy  of  1  on  the  products 
formed  in  the  reactions  of  n-CnH2n+1CN  indicate  that  as  the 
ionization  energy  is  increased  the  abundance  of 
Cp2ZrCnH2n+l   (m/z  263,277)  increases  from  0  abundance  to  an 
amount  approximately  egual  to  the  abundance  of  (m/z  261,275) 
(eq  3-25)  (Fig  3-6) . 

Cp2ZrCH3+  +  n-CnH2n+1CN   -   Cp2ZrCnH2n+1+  +  CH3CN    (3-25) 

Discussion 
Formation  of  Cp27.rf:p3+ 

The  reactivity  of  Cp2ZrCH3+  toward  nitriles  in  the  gas 
phase  is  directly  comparable  to  its  solution  reactivity. 
The  main  difference  arises  from  the  nature  of  ion/molecule 
interactions  in  the  gas-phase.   The  low  frequency  of  third 
body  collisions  during  the  collision  event  allows  the 
chemically  activated  collision  complex118'119  to  sample  a 
number  of  isomeric  configurations  before  a  collision  removes 
excess  internal  energy.   Precautions  have  been  taken  to 
insure  all  reactions  other  than  CID  are  exothermic  or 
thermoneutral,  which  allows  some  thermodynamic  conclusions 
to  be  attained. 

With  these  conditions  in  mind,  the  reaction  of 
Cp2ZrCH3  with  CD3CN  to  produce  Cp2ZrCD3+  may  be  understood 
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Figure  3-6.   Effect  of  ionization  beam  voltage  on  the 
the  relative  amount  of  m/z  277.   11  eV 
for  top  and  30  eV  for  bottom. 
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(eq  3-8).   A  possible  mechanism  for  the 
insertion/elimination  reaction  is  given  in  Scheme  3-3  and  is 
reminiscent  of  the  mechanism  proposed  for  the  insertion  of 
alkenes  and  nitriles  in  solution.74'79'55'125'146 
Precedence  for  the  interconversion  of  A  and  B  in  Scheme  3-3 
is  found  in  the  NMR  spectra  of  the  isoelectronic 
Cp2  ScNC(CH3)2,  which  shows  identical  methyl  resonances.125 
The  insertion  of  CD3CN  and  elimination  of  CH3CN  yields 
products  with  no  H/D  scrambling  indicating  transfer  of  an 
intact  CD3  group.   Thermalization  of  1  occurs  through 
collisions  with  buffer  gas  or  substrate  neutrals.   When  1  is 
"hot"  (non-thermal)  it  more  efficiently  undergoes  the 
thermoneutral  process  of  CD3CN  insertion  and  CH3CN 
elimination.   This  conclusion  is  supported  by  the  reduced 
efficiency  of  Cp2ZrCD3+  formation  in  the  presence  of  a  high 
pressure  of  buffer  gas  in  conjunction  with  a  low  pressure  of 
CD3CN. 

Reactions  of  Cp2 ZrCH3 +  with  CH3 CN 

We  contend  that  Cp2ZrCH3+  adds  one  molecule  of  CH3CN 
yielding  two  isomers  (m/z  276)  (eq  3-26,  3-27), 
Cp2ZrCH3(NCCH3)  2  and  Cp2Zr(NC(CH3 )2)+  3.   Only  3  is 
reactive  toward  addition  of  a  second  acetonitrile  molecule 
(eq  3-28) . 
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Scheme   3-3 
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(3-28) 


Structures  were  assigned  to  the  two  isomers  based  on 
known  solution  structures  and  our  gas-phase  experimental 
results.   Jordan,  et  al.  have  reported  similar  product 
formation,  i.e.  the  isolation  of  Cp2ZrCH3 (NCCH3 )+  as  a  BPh/ 
salt  and  the  observation  of  Cp2Zr(NC(CH3 )2)NCCH3+  detected 
by  using  NMR  after  irreversible  acetonitrile  insertion.79 
Recently,  Bochmann  et  al.,  have  investigated 
Cp2Ti(NC(CH3)2)+  product  formation  by  nitrile  insertion  for 
the  cationic  titanium  analogue  of  1.137,138   jordan  an(j  Co- 
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workers  have  also  reported  a  bis-acetonitrile  adduct 
Cp2ZrCH3(NCCH3)2+,  however  it  is  unlikely  that  this  adduct 
is  observed  in  the  gas-phase  due  to  its  instability. 
Cp2ZrCH3(NCCH3)2+  loses  acetonitrile  under  mild  conditions 
yielding  Cp2ZrCH3(NCCH3)+.   Facile  insertion  of  acetonitrile 
by  Cp2*ScCH3  leads  to  the  formation  of  Cp2ScNC(CH3) 2  and  any 
further  addition  causes  decomposition,  presumably  due  to  a 
reaction  with  Cp*  rings.125 

The  structures  of  the  nitrile  adduct  and  insertion 
products  in  the  above  systems  are  consistent  with  the 
structures  proposed  for  the  gas-phase  products.   In 
addition,  a  number  of  experimental  facts  support  the 
assignment  of  structurally  isomeric  products  2  and  3.   To 
aid  in  the  discussion  of  the  experimental  observations,  a 
gualitative  potential  energy  surface  for  the  reaction  of  1 
with  CH3CN  is  given  in  (Fig  3-7).   Production  of 
Cp2ZrN=C(CH3)2(NCCH3)+  (m/z  317)  from  Cp2ZrNC3H6+  (m/z  276) 
does  not  proceed  to  completion  (eg  3-2)  and  several 
different  experiments  show  conclusively  that  these  products 
are  not  in  eguilibrium.   Isomeric  products  have  been 
distinguished  previously  in  ICR  experiments  by  their 
reactivity  differences.91   In  the  present  case  the  substrate 
CH3CN  only  binds  to  3.   Addition  of  CH3CN  to  2  is  not 
observed  probably  because  of  unfavorable  steric 
interactions.   Molecular  orbital  arguments  have  previously 
been  presented  to  explain  the  lack  of  nitrile  insertion  for 
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Figure   3-7.      Qualitative  gas-phase  potential   surface 
describing  the  reaction  of  1  with  CH3CN. 
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Cp2ZrR2  and  Cp2ZrRX.146  Therefore,  the  final  ratio  of  m/z 
276  :  m/z  317  is  a  measure  of  the  ratio  of  nitrile  adduct  2 
and  nitrile  insertion  product  2.   Product  ions  2  and  2  are 
evidently  in  equilibrium  when  initially  formed  as  chemically 
activated  species.   Before  a  collision  with  substrate  or 
buffer  gas  occurs  2  and  2  have  internal  energy  in  excess  of 
the  barrier  for  isomerization  and  therefore  they 
interconvert  rapidly.   Rapid  interconversion  is 
substantiated  by  the  observation  of  Cp2ZrCD3+  and  other 
deinsertion  products.   After  collision  with  substrate  or 
buffer  gas  2  and  2  are  stabilized  and  no  longer 
interconvert.   Thus,  m/z  276  intensity  declines  to  a  final 
value  indicative  of  the  amount  of  2  present  and  all  of  2  is 
converted  to  Cp2ZrNC(CH3 )2(NCCH3 )+  (m/z  317)  4  by  addition 
of  acetonitrile. 

Another  fact  supporting  isomeric  structures  for  2  and  2 
is  the  low  energy  CID  promoted  conversion  of  m/z  276  to  m/z 
317.   Low  energy  translational  excitation  of  2  followed  by 
collision  provides  enough  internal  energy  to  surmount  the 
potential  energy  barrier  for  isomerization  of  2   to  3.      At 
first  this  may  seem  inconsistent  since  collisions  with 
neutrals  are  supposedly  responsible  for  thermalization  or 
the  removal  of  energy  from  chemically  activated  product 
ions.   However,  in  this  case  during  the  collision  the  total 
energy  of  the  collision  complex  is  above  the  energy  of  the 
isomerization  barrier  and  a  rearrangement  may  also  occur 


103 
before  the  colliding  neutral  removes  energy  upon 
elimination.   The  result  is  isomerization  followed  by 
addition  of  CH3CN  to  2,  which  is  observed  as  an  increase  in 
the  intensity  of  Cp2ZrNC(CH3 )2(NCCH3 )+  A  (eq  29). 

It  is  apparent  from  CID  experiments  on  m/z  276  and  m/z 
317  that  the  reverse  of  this  process,  isomerization  of  2  to 
2  and  loss  of  CH3CN,  is  observed  rather  than  cleavage  of  the 
Zr-NC(CH3)2  bond.   Rearrangements  caused  by  CID  are  not 
uncommon.115'159  The  CID  results  are  consistent  with 
interconvertible  isomeric  structures  2_  and  2  because  loss  of 
stable  neutral  CH3CN  would  be  expected  rather  than  loss  of 
the  neutral  radical  fragment  *NC(CH3)2. 

CID  of  Cp2ZrN2C5Hg+  (m/z  317)  indicates  that  loss  of 
CH3CN  is  the  most  facile  fragmentation  pathway.   This  result 
is  consistent  with  the  simple  nitrile  adduct  structure 
Cp2ZrNC(CH3)2(NCCH3)+  ,  but  does  not  exclude  the  possibility 
of  a  metalloheterocycle  structure  similar  to  that  reported 
by  Bercaw  and  coworkers  in  the  Cp2*ScCH3  system.125 
However,  Cp2ZrCH3(NCCH3)+  and  Cp2TiCH3(NCCH3)+  both  insert 
CH3CN  to  produce  Cp2ZrNC(CH3 )2(NCCH3 )+  and 
Cp2TiNC(CH3)2(NCCH3)+  respectively  in 

solution.79'137'138'146   Therefore,  the  logical  choice  for 
the  structure  of  4  is  Cp2ZrNC(CH3)2(NCCH3 )+. 
Reaction  of  Cp2ZrCH3+  with  fCH3)3CCN 

The  reaction  of  1  with  (CH3)3CCN  resembles  the  reaction 
of  1  with  CH3CN.   Initial  coordination  of  (CH3)3CCN  gives 
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85%  of  m/z  318  stabilized  as  a  simple  adduct, 
Cp2ZrCH3(NCCMe3)+  5,  and  the  remaining  15%  as  the  insertion 
product,  Cp2ZrNC(CH3)(CMe3)+  6  (eq  3-29,  3-30).   Additional 
coordination  of  (CH3)3CCN  to  6  yields 

Cp2ZrN=C(CH3)(C(CH3)3)(NCC(CH3)3)+  7  (eq  3-31).   The  ratio 
Of  £  to  £  is  5.5  ±  0.1. 
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This  value  is  much  larger  than  that  for  CH3CN  indicati 
increased  steric  hinderance  in  the  azomethine  insertion 


ng 


105 
product  6.   Cp2ZrC(CH3)3+  was  not  observed  under  any 
circumstances,  even  as  ionization  energy  for  producing 
Cp2ZrCH3+  was  raised  to  70  eV  forming  "hot"  Cp2ZrCH3+.   This 
negative  result  may  arise  from  a  high  barrier  for  migration 
of  the  C(CH3)3  group  or  because  of  a  low  Zr-C(CH3)3  bond 
strength.   In  the  absence  of  a  high  barrier  for  C(CH3)3 
migration,  thermodynamic  considerations  predict  the 
formation  of  Cp2ZrC(CH3)3+  given  a  Zr-C(CH3)3  bond  strength 
3.9  kcal/mol160  less  than  the  Cp2Zr-CH3+  bond  strength  (eg 
3-32) . 

*CH3  +  (CH3)3CCN      -»      'C(CH3)3  +  CH3CN       (3-32) 
AHeg  32  =  ~3,9  -  5  kcal  mol-1 

Furthermore,  Cp2ZrC(CH3 )3+  was  not  formed  in  CID 
experiments.   This  strongly  supports  structure  5  as  the 
adduct  m/z  318,  since  no  evidence  for  deinsertion  or 
formation  of  the  isomeric  structure  Cp2ZrC(CH3 )3 (NCCH3 )+  has 
been  obtained. 
Reactions  of  Cp2ZrCH3+  with  PhCN 

Two  reaction  seguences  are  observed  for  reaction  of  1 
with  PhCN.   The  major  pathway  begins  with  insertion  of  PhCN 

Cp2ZrCH3+  +  PhCN    -    Cp2ZrPh+  +  CH3CN         (3-33) 
(m/z  235)  (m/z  297) 
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and  elimination  of  CH3CN  resulting  in  the  formation  of 
Cp2ZrPh+  (m/z  297)  (eq  3-33).   The  formation  of  Cp2ZrPh+ 
must  be  exothermic,  since  no  reduction  in  its  abundance  is 
observed  when  high  buffer  gas  pressure  is  present  during  the 
reaction.   The  fundamental  transformation  in  eq  3-34  may  be 
used  to  obtain  a  lower  limit  for  the  Zr-Ph  bond  relative  to 
the  Zr-CH3  bond.   The  Cp2Zr-Ph+  bond  strength  must  be 
greater  than  the  Cp2Zr-CH3+  bond  strength  by  at  least  14 
kcal/mol160,  because  the  reaction  represented  in  eq  3-33  is 
observed. 

'CH3  +  PhCN     -♦     -Ph  +  CH3CN  (3-34) 

AH   34  =  14  kcal  mol"1 

The  reaction  of  Cp2ZrPh+  with  PhCN  indicates  that  the 
adduct  Cp2ZrPh(NCPh)+  (m/z  400)  8_  and  the  insertion  product 
Cp2ZrNCPh2+  (m/z  400)  9  are  both  produced  (eq  3-35,  3-36). 
Addition  of  PhCN  to  9  occurs  giving  Cp2ZrNCPh2 (NCPh)+  10  (eq 
3-37)  and  the  ratio  of  the  abundance  of  8  to  9  is  reflected 
in  the  final  ratio  of  8_  to  10_,  o.3  ±  0.1. 
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The  alternate  pathway  is  similar  to  reaction  sequences 
observed  for  CH3CN  and  (CH3)3CCN.   Addition  of  PhCN  to  1 
produces  both  the  adduct  Cp2ZrCH3 (PhCN)+  (m/z  338)  11  and 
the  insertion  product  Cp2ZrNC(CH3 ) (Ph)+  (m/z  338)  12  and 
only  12  reacts  further  to  form  Cp2ZrNC(Ph) (CH3) (NCPh)+  12. 
(m/z  441)  (eq  3-38,  3-39,  3-40). 
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The  assignment  of  structures  to  H  and  12.  is 
complicated  by  their  low  abundance,  which  precludes 
obtaining  reliable  CID  spectra.   Therefore,  isomeric 
structures  Cp2ZrPh(NCCH3)+  2A   and  Cp2ZrNCPh2(NCCH3)+  15.  are 
both  possible.   The  relative  ease  of  Ph  migration  evidenced 
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by  the  abundance  of  Cp2ZrPh+  formed  indicates  that  ions  with 
m/z  338  are  probably  mixtures  of  isomers,  but  isomer  15 
requires  additional  rearrangement  after  coordination  of  PhCN 
to  11. 

Reaction  of  CP2ZrCH3+  with  n-Alkyl  Nitriles 
The  alkene  elimination  pathway 

The  reactions  of  l  with  n-alkyl  nitriles  exhibit  some 
reaction  sequences  not  observed  for  CH3CN,  Me3CCN  and  PhCN. 
A  common  feature  in  the  reactions  of  the  three  n-alkyl 
nitriles  investigated  is  the  production  of  Cp2ZrNC2H4+  (m/z 
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262)  accompanied  by  the  loss  of  CnH2n  (eq  3-41).   An 
azomethine  structure  is  most  likely  for  this  ion, 


Cp2ZrCH3+  +  n-CnH2n+1CN  ►  Cp2Zr— N=C 

16. 


+ 
+  CnH2n   (3~41) 


Cp2ZrNC(H)(CH3)  16.   Similar  insertion  products  generated 
from  organometallic  hydrides  have  been  synthesized  and  no 
observation  of  a  stable  intermediate  adduct  was  reported 
indicating  a  facile  insertion.125'145 

The  mechanisms  in  Scheme  3-4  and  3-5  are  both 
consistent  with  experimental  observations.   Scheme  3-4  is 
similar  to  the  mechanism  proposed  for  the  loss  of  alkenes 
from  higher  alkyl  aluminum  nitrile  adducts  upon  heating.161 
The  first  step  in  Scheme  3-4  involves  nitrile  coordination 
followed  by  insertion.   Subsequent  deinsertion  produces  an 
acetonitrile  adduct  that  transfers  a  B-hydrogen  to  the 
azomethine  carbon.   The  final  product  results  from 
elimination  of  the  corresponding  alkene  through  a  six 
membered  transition  state.   Scheme  3-5  is  an  alternative 
mechanism  that  does  not  directly  involve  coordinated 
acetonitrile  in  the  loss  of  alkene.   This  mechanism  is 
similar  to  B-elimination,  which  is  used  to  describe 
elimination  of  alkene  in  the  polymerization  of  unsaturated 
hydrocarbons  by  electron  deficient  metal  complexes  in 
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Scheme  3-4 


Cp2ZrMe+  +  N=CCH2CH2R  ►  Cp2Zr! 


^:NsCCH2CH2R 
'Me 


—i  + 


Cp2Zr 


/CH2CH2R 
VnsC(CH3) 


—I  + 


Cp-,Zr— N=C 


CH2CH2R 
Me 


— i  + 


/ 


H 


H0Cr=r=C- 
2/     \ 


-R 


Cp-Zr 
2  «fc 


)H 


\ 


Me 


— 1  + 


Cp2Zr— N=C 


H 


Me 


+  H2C=CHR 


Ill 


Scheme   3-5 


+ 


Cp2ZrMe+   +    N=CCH2CH2R      ►    Cp2Zr' 


.:N=CCH2CH2R 


^Me 


— 1  + 


Cp2Zr, 


/CH2CH2R 
s-NsC(CH3) 


Cp9Zr — N=C„ 


^CH2CH2R 
'Me 


Cp2Zr/^     /      ^-H 


*N. 


* 


CMe 


+ 


Cp2Zr 


S 


H 


*^:N=CMe 


+      H2C=CH 


—i  + 


Cp9Zr — H 


CMe 


* 


—i  + 


H2C^ 
/^CH 

Cp0Zr---H 

7 '        i 

•  N=CMe 


—1  + 


Cp2Zr — N=C 


/ 


H 


'Me 


/* 


H2C^  ^R 

,PCH 

CP2Zrv         /H 
^Me 


112 
solution.20  In  this  case,  transfer  of  a  6-hydrogen  to  the 
metal  center  is  followed  by  insertion  of  CH3CN. 

The  necessity  of  insertion/deinsertion  is  indicated  by 
the  formation  of  Cp2ZrC2H5+  from  the  reaction  of  Cp2ZrCH3+ 
with  C2H5CN  (Scheme  3-1).   The  production  of   Cp2ZrC3H5+  and 
Cp2ZrC4Hy+  from  1  and  the  corresponding  nitrile  is  also  an 
indication  of  deinsertion  (eq  3-21).   In  addition, 
bothCp2ZrC3H7+  and  Cp2ZrC4Hg+  are  produced  from  "hot" 
Cp2ZrCH3+  (eq  3-25).   Trimethylacetonitrile  is  the  only 
nitrile  that  shows  no  aptitude  for  deinsertion.   Loss  of 
isobutene  is  observed  in  the  reactions  of  A1(C(CH3)3)3  with 
nitriles,  and  therefore  is  expected  in  the  reaction  of  1 
with  (CH3)3CCN.   Since  deinsertion  as  well  as  6-hydride 
shift  are  apparently  necessary  for  the  process  of  alkene 
elimination  and  deinsertion  does  not  occur  for  this 
substrate  (vide  infra),  product  ion  1£  is  not  observed. 

The  formation  Cp2ZrNCH(CH3)+  might  also  be  expected  in 
the  reaction  of  PhCN  with  1  because  deinsertion  is  observed. 
However,  formation  of  benzyne  from  a  6-hydride  shift/alkene 
elimination  process  for  a  phenyl  group  is  unprecedented. 

The  next  step  in  the  alkene  elimination  sequence  is  the 
conversion  of  1£  to  Cp2ZrN=C(H) (CnH2n+1 )+  (n=2,3,4)  17. 
Bercaw  and  co-workers  have  reported  a  similar  exchange  in 
which  p-anisonitrile  displaces  (CH3)3CCN  from 
Cp2*ScN=C(H)C(CH3)3.125  Attempts  to  displace  (CH3)3CCN  from 
Cp2*ScN=C(H)C(CH3)3  with  CH3CN  lead  to  decomposition, 
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therefore  the  relative  magnitude  of  steric  and  electronic 
effects  could  not  be  determined.   The  displacement  of  CH3CN 

by  cnH2n+lCN  (n=2/3/4)  i-n  tne  gas-phase  indicates  that 
electronic  effects  are  evidently  more  important  than  steric 
effects  for  the  n-alkyl  nitriles  studied. 

The  structure  of  12  is  corroborated  by  the  final  step 
in  the  alkene  elimination  pathway.   Complete  conversion  of 
12  to  Cp2ZrNC(H)(CnH2n+1)2+  (n=2,3,4)  Ifi  supports  the 
assignment  of  an  azomethine  insertion  isomer.   However,  the 
steric  requirements  for  hydrogen  are  small,  so  the 
possibility  of  a  bis-nitrile  adduct  cannot  be  completely 
dismissed. 
Formation  of  allyl  cations 

The  observations  of  allyl  species  in  reactions  of  1 
with  n_cnH2n+lCN  (n=3'4)  ^s  not  unexpected.   Allyl  cations 
are  generated  readily  in  the  reactions  of  1  with  a  variety 
of  alkenes  (see  Table  2-1).   The  mechanism  for  this 
transformation  is  probably  similar  to  that  proposed  for  the 
alkene  reactions.   However,  we  are  unable  to  determine  the 
neutral  molecules  eliminated  in  the  formation  of  Cp2ZrCnH2n_ 
^+ .   Two  obvious  possibilities  are  H2  and  CH3CN  or  the  imine 
CH3CH=NH.   An  estimate  for  the  enthalpy  of  the  reaction 
eliminating  H2  and  CH3CN  can  be  obtained  by  neglecting  the 
zirconium-carbon  bond  strengths  (eq  3-42).   If  these 
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•CH3  +  C3H?CN 


'C3H5  +  H2  +  CH3CN 


(3-42) 


AH   42  =  20.9  kcal  mol 


-1 


products  are  formed  the  Zr-allyl  bond  strength  must  be  at 
least  20.9  kcal  mol-1  stronger  than  the  Zr-CH3  bond 
strength.160   Calculation  of  the  enthalpy  for  the  reaction 
eliminating  CH3CH=NH  yields  a  value  of  approximately  2  kcal 
mol"1  (eg  3-43)160. 


*CH3  +  C3H?CN 


•C3H5  +  CH3-CH=NH 
A  H   43=2  kcal  mol-1 


(3-43) 


Elimination  of  the  imine  is  thermodynamically  more 
favorable  than  elimination  of  acetonitrile  and  H2 . 
Catalytic  hydrogenation  of  nitriles  to  amines  has  been 
demonstrated,  but  the  proposed  mechanism  is  not  analogous  to 
the  reaction  of  1  with  nitriles.125  The  mechanism  for 
formation  of  Zr-allyl  cations  in  the  reaction  of  1  with 
alkylnitriles  is  unclear. 
The  addition/elimination  pathway 

The  addition  of  n-CnH2n+1CN   (n=2,3,4)  to  1  also  occurs 
producing  both  the  adduct  isomer  Cp2ZrCH3 (CnH2n+1CN)+  19  and 
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the  insertion  isomer  Cp2ZrN=C(CH3 ) (CnH2n+1CN)+  20,  however 
another  structural  isomer  is  possible,  Cp2ZrCnH2n+1(NCCH3 )+, 
11.   Since  Cp2ZrC2H5+  reacts  with  C2H5CN  to  produce 


Cp2Zr. 


NCC„H. 
Cp~Z]  " 
:NCCH3  *      ^>N=C 


/CnH2n+l 


^"rar1 


2-X, 
22 


cnH2n+l 


Cp2ZrN=C(H) (C2H5)+  and  eliminate  ethylene,  it  is  unlikely 
that  isomer  21  is  produced  in  a  significant  yield. 

Cation  20_  reacts  further  to  produce 
Cp2Zr(N=C(CH3)(CnH2n+1))(NCCnH2n+1)+  22  (n=2,3,4)  and  the 
final  ratio  of  1£  :  22.   may  be  compared  to  similar  final 
ratios  for  the  (CH3)3CCN  and  CH3CN  systems  giving  the 
following  order:   CH3CN  (0.6  ±  0.1  ),  C2H5CN  (0.8  ±  0.1), 
C3H?CN  (1.4  ±  0.3),  C4H9CN  (2.4  ±  0.2),  (CH3)3CCN  (5.5  ± 
0.1).   While  thermodynamic  parameters  for  the 
addition/insertion  pathway  are  not  known,  the  relative  order 
implies  that  steric  factors  are  significant,  especially  for 
the  bulky  (CH3)3CCN. 
Conclusions 

The  reactions  of  Cp2ZrCH3+  with  nitriles  in  the  gas- 
phase  show  features  of  the  reactions  of  similar  cationic  and 
neutral  organometallic  alkyl  complexes  as  well  as  aluminum 
alkyls  with  nitriles  in  solution. 
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Essentially,  two  major  reaction  pathways  are  observed. 
One  reaction  sequence  is  common  to  all  nitriles  investigated 
and  involves  the  formation  of  two  isomers.   The  addition  of 
nitrile  to  1  generates  a  nitrile  adduct  isomer  and 
subsequent  insertion  forms  the  azomethine  insertion  product. 
Both  isomers  are  produced  in  all  cases  and  are  distinguished 
by  their  further  facile  reactions  with  nitrile  substrate. 
The  nitrile  adduct  is  inert  to  reaction  with  substrate  and 
the  insertion  product  reacts  by  addition  of  a  second 
equivalent  of  nitrile.   This  constitutes  the  only  reaction 
pathway  observed  for  CH3CN  and  (CH3)3CCN.   CID  experiments 
present  no  evidence  for  the  formation  of  metalloheterocycles 
in  any  of  the  nitriles  studied.   However,  a 
metalloheterocyclic  structure  cannot  be  ruled  out. 

The  second  reaction  pathway  begins  with  deinsertion  of 
n-alkyl  nitrile  followed  by  loss  of  the  olefin  CnH2n  and 
formation  of  Cp2ZrN=C(H) (CH3)+.   A  six  membered  transition 
state  similar  to  that  proposed  for  elimination  of  alkene  in 
the  reaction  of  nitriles  with  higher  aluminum  alkyls  may  be 
used  to  describe  this  transformation.   However,  it  may  also 
be  viewed  as  a  B-hydride  shift/alkene  elimination,  which  in 
this  case  is  facilitated  by  the  additional  stabilization  of 
the  Zr-nitrile  bond  and  subsequent  insertion  yielding 
Cp2ZrN=C(H)(CH3)+.   Displacement  of  CH3CN  from 
Cp2ZrN=C(H)(CH3)+   by  n-CnH2n+1CN  (n=2,3,4)  occurs  for  all 
three  nitriles.   Finally,  addition  of  n-CnH2n+1CN  to 
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Cp2ZrN=C(H) (CnH2n+1)+  proceeds  to  completion,  thus  the 
formation  of  a  hydride-nitrile  adduct  is  not  necessary  to 
accurately  describe  this  reaction  sequence. 

A  lower  limit  on  the  Zr-Ph  bond  strength  has  been 
determined  and  is  consistent  with  the  available 
thermochemical  data . ' w 

Significantly  the  reactivity  of  1  toward  nitriles  in 
the  gas-phase  indicates  that  many  of  the  processes  observed 
in  solution  for  1  and  similar  complexes  can  be  studied  in 
detail  in  the  absence  of  solvent,  providing  a  different  but 
comparable  perspective  on  their  reactivity.   Few  comparative 
studies  of  this  kind  have  been  reported.   The  results  herein 
are  indicative  of  the  possibilities  for  investigating  other 
organometallic  systems  in  the  gas-phase,  and  suggest  that 
insights  into  the  synthesis  of  organometallic  species  and 
their  reactivities  with  a  variety  of  substrates  may  be 
probed  without  interference  from  solvent.   The  results  from 
gas-phase  studies  may  then  be  successfully  applied  in 
solution  as  long  as  the  inherent  differences  in  the  two 
media  are  understood. 

EXPERIMENTAL 

Results  for  ion/molecule  reactions  of  1  with  nitriles 
were  obtained  using  a  Nicolet  FTMS  1000  ion  cyclotron 
resonance  mass  spectrometer.   Electron  impact  (EI)  (11-12 
eV)  on  Cp2Zr(CH3)2  (p  «  10~8  -  10"7  torr)  yields 
predominantly  Cp2ZrCH3+  and  Cp2Zr,+.   Cp2Zr'+  and  any 
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substrate  ions  formed  during  EI  are  ejected  from  the  ICR 
cell  using  a  RF  pulse,  thereby  isolating  1  for  ion/molecule 
reaction  studies  with  nitriles  (p  =  5xl0"7  -  lxlO"5  torr). 
Ejection  of  all  ions  other  than  1  prevents  charge  transfer 
reactions  from  reforming  Cp2Zr,+,  which  forms  adducts  with 
nitriles  and  can  confuse  the  interpretation  of  mass  spectra. 
Binuclear  zirconium  ion  formation  limits  the  study  of 
ion/molecule  reactions  to  those  with  rate  constants  greater 
than  lxlO9  M"1s"1  (lxlO-12  cm3s_1),  therefore,  it  is 
advantageous  to  keep  Cp2Zr(CH3)2  pressure  below  5xl0~8  torr 
to  minimize  the  loss  of  Cp2ZrCH3+  from  this  side  reaction. 
The  abundance  of  1  is  also  depleted  by  its  reaction  with 
even  trace  amounts  of  water  (eq  3-44),  therefore  drying  of 
all  substrates  is  imperative. 

Cp2ZrCH3+  +  H20   -»   Cp2ZrOH+  +  CH4  (3-44) 

The  final  ratios  for  the  reaction  of  1  with  nitriles 
were  determined  from  at  least  seven  measurements  and  95% 
confidence  limits  are  included. 

All  nitriles  studied  were  purchased  from  commercial 
sources  in  high  purity  and  dried  over  CaH2.   Distillation  of 
benzonitrile  from  CaH2  was  necessary  to  remove  water. 
Cp2Zr(CH3)2  and  Cp2Zr(CH3)2  were  synthesized  from  a 
literature  preparation  and  satisfactory  analysis  was 
obtained  by  NMR  and  mass  spectrometry.136 
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Deuteromethyllithiura  was  synthesized  in  dry  diethyl  ether 
from  CD3I;  which  was  purchased  from  Aldrich.   Cp2Zr(CD3)2 
was  found  to  be  at  least  99%  deuterated  by  mass 
spectrometric  analysis. 

Pressures  reported  in  the  text  are  read  directly  from 
an  ionization  gauge  and  are  approximate.   The  pumping  speed 
was  limited  so  that  the  pressure  read  from  the  ionization 
gauge  was  as  close  as  possible  to  the  actual  pressure  in  the 
ICR  cell.152 


CHAPTER  4 
EXPERIMENTAL  PROCEDURES 


Pressure  Measurement 
The  largest  source  of  error  in  second  order  rate 
constants  determined  in  the  gas-phase  by  using  FTICR 
technigues  is  due  to  uncertainty  in  the  measured  neutral 
reactant  pressure.   Ion/molecule  reactions  are  pseudo-first 
order  in  all  cases  because  the  pressure  of  reactant  neutral 
is  several  orders  of  magnitude  larger  than  the  pressure  of 
reactant  ion.   The  accuracy  of  calculated  second  order  rate 
constants  is  limited  by  the  error  in  the  measured  reactant 
gas  pressure.   The  following  is  a  discussion  of  a  pressure 
calibration  and  correction  method  used  to  obtain  estimates 
of  substrate  pressures  for  use  in  calculating  second  order 
rate  constants  and  a  brief  sample  calculation. 

Figure  4-1  is  a  schematic  representation  of  the  FTICR 
mass  spectrometer.   The  reactant  gas  is  admitted  through  a 
leak  valve  depicted  on  the  right  side  of  the  superconducting 
magnet  and  pumped  through  the  high  vacuum  chamber  by  a 
diffusion  pump  (DP)  located  to  the  left  of  the  magnet.   The 
ICR  cell  lies  in  between  and  approximately  eguidistant  from 
the  inlet  system  and  DP.   Pressure  is  measured  with  an 
ionization  gauge  (IG),  which  is  positioned  directly  above 
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Figure  4-1.   Schematic  representation  of  the  FTMS  1000 
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the  throat  of  the  DP.   This  configuration  causes  some 
fraction  of  the  reactant  gas  to  be  pumped  away  before 
reaching  the  IG  and  contributing  to  the  measured  pressure. 
Thus,  the  pressure  in  the  ICR  cell  is  not  accurately 
represented  by  the  IG  reading,  because  the  DP  obstructs 
establishment  of  an  egual  pressure  throughout  the  high 
vacuum  chamber.   In  addition,  the  sensitivity  of  the  IG  is 
not  constant  for  all  gases.   Therefore,  two  corrections  must 
be  made.   One  correction  must  adeguately  account  for  the 
pressure  difference  at  the  IG  and  at  the  ICR  cell,  and  a 
second  correction  must  determine  the  sensitivity  of  the  IG 
to  a  particular  gas.   The  IG  sensitivity  value  will  be 
referred  to  as  the  absolute  pressure  factor  (APF) .   The  APF 
is  used  to  correct  the  pressure  at  the  IG,  (Pjqw  to  the 
true  pressure  at  the  IG,  (Pjgc^' 

We  have  developed  a  calibration  method  separate  from 
the  kinetic  experiment  that  addresses  both  problems  of 
pressure  measurement.   To  correct  the  IG  pressure  reading 
recorded  during  a  kinetic  run  to  the  true  pressure  in  the 
ICR  cell,  Pcell/  the  pressure  factors  APF  and  PF^  must  be 
determined  for  the  reactant  gas  employed.   The  methods  for 
determination  of  APF  and  PFj,  are  given  after  a  general 
discussion  of  the  calibration  method. 
Development  of  the  Calibration  Method 

The  pressure  in  the  ICR  cell,  Pcen/  cannot  be  directly 
measured  because  it  is  located  inside  the  bore  of  the 
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superconducting  magnet.   However,  with  the  aid  of  a  Baratron 
capacitance  manometer  (B),  the  pressure  at  the  inlet  system 
can  be  accurately  measured  and  the  pressure  at  IG  can  be 
corrected  to  give  the  true  pressure  at  IG,  PIGC.   The 
Baratron  is  attached  to  the  inlet  side  of  the  vacuum  system 
and  open  to  the  high  vacuum  chamber.   In  the  limit  of 
extremely  low  DP  pumping  speed,  the  pressure  throughout  the 
vacuum  chamber  will  be  equivalent.   This  can  be  demonstrated 
by  incrementally  closing  the  gate  valve  above  the  DP  and 
recording  the  change  in  the  pressure  readings  at  B  and  IG 
(Fig.  4-2).   Figure  4-2  indicates  that  as  the  gate  valve  is 
closed  the  corrected  IG  pressure,  PIGC  converges  to  the 
pressure  measured  at  B.   Reducing  the  difference  in  the 
pressure  at  IG  and  the  pressure  at  B  fixes  the  pressure  at 
the  cell  between  the  two  values. 

The  best  estimate  for  Pcen  is  simply  the  average  of 
the  true  pressure  at  the  IG  and  the  pressure  read  from  B. 
Estimating  the  pressure  in  the  ICR  cell  as  an  average  of  the 
two  pressures  at  the  ends  of  the  vacuum  chamber  is  based  on 
the  assumption  that  the  pressure  varies  linearly  along  the 
inside  of  the  chamber.   Minimizing  the  difference  between 
the  pressures  at  the  IG  and  B  will  also  minimize  any  error 
resulting  from  the  assumption  of  linearly  changing  pressure. 

All  kinetic  data  are  obtained  with  the  gate  valve  1/4 
open.   This  standard  attempts  to  minimize  the  pressure 
gradient  in  the  high  vacuum  system  without  causing  any 
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Graph  illustrating  the  effect  of  closing 
the  gate  valve  on  the  difference  in  the 
corrected  pressure  at  IG  and  B.   The  data 
are  fit  with  a  cubic  spline. 
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detrimental  effects  from  the  reduced  pumping  speed.   The 
average  of  PIGC^  and  Pg^  yields  a  fair  estimate  of  Pcell. 
Determination  of  APF 

The  absolute  pressure  factor  is  acquired  by  sealing  the 
high  vacuum  system  from  the  DP,  which  causes  the  pressure  in 
all  parts  of  the  vacuum  chamber  to  become  equal.   The 
Baratron  is  attached  directly  to  the  inlet  system  and  is 
opened  to  the  high  vacuum  chamber.   Since  B  is  equally 
sensitive  to  all  gases  the  IG  pressure  can  be  calibrated  for 
any  reactant  gas,  each  gas  yielding  a  distinct  APF  value 
obtained  through  a  series  of  pressure  measurements. 
First,  the  gate  valve  directly  over  DP  is  closed. 
Immediately  afterward,  the  gas  to  be  calibrated  is  admitted 
through  a  leak  valve  to  a  pressure  between  10~6  and  10~4 
torr  (as  read  on  IG)  (after  the  gas  is  admitted  the  leak 
valve  is  closed)  and  the  pressure  at  IG  and  B  are  recorded. 
The  series  of  pressure  measurements  is  used  to  determine  an 
average  value  for  PB/PIG  =  APF.   The  absolute  pressure 
factor  is  used  to  calculate  the  true  pressure  at  IG,  PTrr 
regardless  of  whether  the  gate  valve  is  closed  or  open. 
Determination  of  pf, 

A  series  of  IG  and  B  pressure  readings  are  recorded 
with  the  gate  valve  1/4  open.   Thus,  PFi  =  Pbj,/Pigl  may  be 
calculated  and  used  to  determine  PBi  for  a  kinetic 
experiment  since  B  is  not  open  to  the  high  vacuum  during 
acquisition  of  kinetic  data. 
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Sample  Calculation 
Given: 

APF  =  1.10  =  PB/PIG  (gate  valve  closed) 
PFi  =  1.44  =  Pbv/pig^  (9ate  valve  1/4  open) 
PIGi  =  l.OxlO"6  torr  (measured  reactant  pressure 
during  kinetic  run) 
pcell  can  be  calculated  as  follows: 

pcell  =  (pIGC*  +  PB^)/2 

PIGcJk  =  APF  X  pigV  =  1.10  X  l.OxlO-6  torr 

=  l.lxlO"6  torr 

pBk   =  PF^   x  PIG^   =   -1,44   x   1'0xl0~6  torr 
=  1.4xl0-6  torr 


5cell  -  1-3*1°-6  torr 


Designing  the  FTICR  Experiment 
Insuring  that  the  experimental  sequence  employed  yields 
unambiguous  and  useful  information  is  critical  in  designing 
the  ICR  experiment.   This  section  will  briefly  discuss 
certain  standard  procedures  developed  for  investigating  the 
ion/molecule  reactions  of  1,  including  the  making, 
thermalization,  and  isolation,  of  reactant  ions  and  the 
detection  of  product  ions.   Computer  printouts  of  the 
parameters  for  a  number  of  experiments  are  included  in  the 
appendix. 
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Making  ions 

The  first  step  in  any  ICR  experiment  is  to  generate  the 
reactant  ion  of  interest.   Two  general  methods  for  producing 
1  are  available.   Cp2ZrCH3+  may  be  produced  from  electron 
impact  (EI)  or  by  chemical  ionization  (CI).   Electron  impact 
was  used  exclusively  for  all  reactions  reported.   An 
ionization  beam  voltage  of  -11  to  -12  eV  yields  more 
Cp2ZrCH3+  than  Cp2Zr+.   An  electron  beam  voltage  of  -11  eV 
is  generally  used  to  form  1  in  a  reasonable  amount  with 
little  excess  internal  energy. 

Only  inert  gases  Ar,  Kr,  and  Xe  were  examined  as  CI 
reagents  and  all  caused  significant  fragmentation  to  yield 
mostly  Cp2Zr+.   Extremely  dry  benzene  should  probably  be 
investigated  as  a  CI  reagent  for  production  of  1.   Benzene 
would  also  serve  as  an  excellent  buffer  gas  since  it  does 
not  react  with  1  observably. 

The  total  number  of  ions  formed  can  be  controlled  by 
three  methods.   The  emission  current,  (EMC),  can  be 
increased,  which  leads  to  a  larger  number  of  electrons 
entering  the  ICR  cell  during  the  time  of  ionization  (BEM) . 
A  second  method  is  to  lengthen  the  duration  of  the  electron 
beam,  BEM,  while  keeping  EMC  at  some  lower  fixed  value.   A 
combination  of  these  two  methods  was  usually  used  to  produce 
1  in  good  yield.   Increasing  the  pressure  of  Cp2Zr(CH3)2  is 
the  third  method  to  control  the  number  of  ions  formed.   Due 
to  complications  such  as  binuclear  zirconium  ion  formation 
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the  pressure  of  Cp2Zr(CH3)2  is  kept  as  low  as  possible  and 
is  not  used  to  control  the  number  of  ions  produced. 

When  an  easily  ionized  substrate  is  also  present,  it  is 
advantageous  to  eject  the  substrate  ions  as  they  are 
produced  by  using  the  frequency  during  the  beam  parameter 
(FDB).   The  ejection  during  the  ionization  helps  to  prevent 
space  charge  interactions  from  reducing  the  number  of  ions 
of  interest. 
Thermalization  of  reactant  ions 

Thermalization  is  accomplished  by  providing  time  for 
the  ion  of  interest  to  undergo  collisions  with  atoms  or 
molecules  before  data  for  a  reaction  is  acquired.   The  time 
available  for  thermalization  of  1,  depends  on  the  substrate 
pressure  and  the  rate  constant  for  reaction  of  1  with 
substrate.   Since  immediately  after  formation,  1  begins 
reacting  with  substrate,  the  thermalization  time  must  be 
short  enough  so  that  a  significant  amount  of  1  remains  for 
reaction  study  after  thermalization.   Thermalization  times 
of  200  to  700  ms  at  total  pressures  greater  than  10"6  torr 
were  generally  employed.   All  product  ions  formed  during  the 
thermalization  period  are  ejected  before  obtaining  reaction 
data. 
Ion  ejection 

Mass  selection  is  extremely  important  in  the  study  of 
ion/molecule  reactions.   Complete  ejection  of  undesired  ions 
from  the  ion  trap  without  extraneous  excitation  of  other 
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ions  is  a  primary  concern.   Since  the  hardware  of  the  FTMS 
1000  is  incapable  of  producing  a  perfectly  square  excitation 
waveform,  certain  precautions  must  be  taken  to  minimize  the 
side  effects  of  ejection. 

Two  types  of  basic  ejection  sequences  are  available. 
The  first  is  a  pulsed  ejection  in  which  a  single  frequency 
is  used  to  remove  the  ion  whose  mass  corresponds  to  that 
frequency.   The  second  is  a  swept  ejection,  which  removes 
all  the  ions  corresponding  to  the  frequency  range  swept. 
Some  general  guidelines  for  designing  ejection  sequences  are 
given  below. 

Pulsed  single  frequency  ejections  are  the  simplest 
ejection  sequences.   The  delay  before  (DL1,  DL2,...),  length 
(ET1,  ET2,...),  attenuation  (ATI,  AT2,...),  and  high  (EH1, 
EH2,...)  and  low  (ELI,  EL2 , . . . )  excitation  frequencies  of 
the  pulse  all  must  be  adjusted.   Typical  lengths  for  the 
ejection  pulse  are  between  3  and  7  ms  except  during  double 
resonance  experiments  where  the  ejection  time  is  the 
reaction  time.   Attenuations  normally  range  between  15  and 
25  except  for  double  resonance  experiments,  which  warrant 
attenuations  up  to  30.   Both  exciting  frequencies  are  set 
equal  for  the  pulsed  ejection.   The  sweep  rate  (ESI, 
ES2,...)  for  the  pulsed  ejection  should  always  be  0.   The 
delay  before  the  ejection  must  be  at  least  3  ms  if  the 
attenuation  changes  from  the  previous  value. 
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Ejection  with  unit  mass  resolution  is  generally 
possible,  but  becomes  more  difficult  with  increasing  mass. 
Variation  of  the  attenuation  and  length  of  the  ejection  are 
required  to  achieve  the  desired  result. 

To  check  the  efficiency  of  the  ejection,  the  detection 
attenuation,  AT5,  is  set  to  30,  the  reaction  time,  DL5,  to  3 
ms  and  the  ejection  is  repeated.   This  check  enables  the 
detection  of  ions  not  completely  ejected  and  ions 
accidentally  excited  during  the  ejection  pulse.   The 
attenuation  and  length  of  the  pulse  may  then  be  adjusted  to 
completely  eject  the  unwanted  ion  and  minimize  incidental 
excitation  of  nearby  ions.   This  procedure  can  be  used  with 
any  ejection  sequence. 

The  method  of  swept  ejection  is  used  to  eject  a  number 
of  ions  with  a  single  excitation  sweep.   Manipulation  of  an 
additional  parameter,  the  ejection  sweep  rate  (ESI, 
ES2,...),  is  necessary  to  obtain  a  satisfactory  result.   The 
sweep  rate  and  the  ejection  time  are  inversely  proportional. 
Setting  the  sweep  rate  automatically  determines  the  time  of 
the  ejection.   Typically  the  sweep  rate  is  given  a  value 
between  1  and  200  that  yields  an  ejection  time  between  3  and 
15  ms.   The  frequency  range  of  the  sweep  also  effects  the 
choice  of  the  sweep  rate.   Larger  frequency  ranges  require 
larger  sweep  rates  to  achieve  the  same  ejection  time. 

The  importance  of  minimizing  incidental  excitation  is 
illustrated  by  the  problems  associated  with  isolation  of  1. 
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Cp2Zr  is  produced  during  ionization  of  Cp2Zr(CH3)2, 
therefore,  isolation  of  1  entails  ejection  of  Cp2Zr+.   Since 
the  resonance  frequency  difference  for  Cp2Zr+  and  1  is 
relatively  close,  incidental  excitation  of  1  often  occurs 
during  ejection  of  Cp2Zr+.   The  result  of  this  accidental 
excitation  is  observed  as  formation  of  Cp2Zr+  due  to  CID  of 
a  small  portion  of  1.   The  ejection  efficiency  check  is 
helpful  in  determining  whether  the  observation  of  Cp2Zr+ 
results  from  incomplete  ejection  of  Cp2Zr+  or  from 
accidental  excitation  of  l  followed  by  CID.   Accidental 
excitation  of  1  can  also  be  observed  as  a  deviation  in  the 
expected  isotope  ratios.   Ejection  of  Cp2Zr+  without 
excitation  of  1  is  possible,  however  care  must  be  taken  to 
adjust  the  attenuation  and  frequency  of  the  ejection  sweep. 
Several  examples  of  successful  Cp2Zr+  ejection  are  given  in 
the  appendix. 
Detection  of  product  ions 

The  detection  of  product  ions  is  complicated  by  non- 
uniform excitation  during  the  detection  event.   This  results 
in  an  increase  in  the  total  number  of  ions  determined  by 
integration  as  the  reactant  ion  is  converted  to  the  product 
ion.   The  main  problem  associated  with  non-uniform 
excitation  arises  in  kinetic  experiments.   A  distinct 
curvature  in  first  order  kinetic  plots  indicates  that  the 
total  ion  count  is  not  constant.   In  order  to  correct  this 
problem  detection  attenuation  should  be  adjusted  so  that 
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both  the  reactant  and  product  ions  are  detected  with 
approximately  equal  efficiency.   Detection  with  equal 
efficiency  may  reduce  or  increase  the  initial  ion  count,  but 
the  results  will  yield  more  accurate  kinetic  data. 


CHAPTER  5 
SUMMARY  AND  CONCLUSIONS 

Relationships  to  Zeialer-Natta  Catalysis 

The  study  of  the  gas-phase  reactions  of  1  with  alkenes 

and  alkynes  has  indeed  provided  insight  concerning  one 

possible  active  site  in  Zeigler-type  polymerizations.   Many 

of  the  present  observations  are  consistent  with  proposed 

mechanisms  for  initiation,  chain  termination  and 

reinitiation.   However,  the  propagation  step  for 

polymerization  is  not  observed  for  reactions  of  1  in  the 

gas-phase. 

Products  observed  for  solvent  free  1  in  reactions  with 
alkenes  and  alkynes  are  consistent  with  methyl  migratory 
insertion  in  support  of  the  initiation  mechanism  proposed 
for  Zeigler  type  catalysts  in  solution.   Furthermore, 
reactions  of  1  with  certain  alkynes  apparently  yield 
a-alkynyl  complexes  that  also  undergo  a  single  insertion. 

The  lack  of  insertion  in  reactions  of  l  with  fluorinated 
substrates  is  also  consistent  with  the  mechanism  proposed 
for  insertion.   The  results  from  reactions  of  fluorinated 
substrates  and  2,2-disubstituted  vinyl  substrates  suggests 
that  insertion  via  Markovnikov  addition  is  strongly 
preferred. 
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For  Zeigler  catalysts  a  6-hydride  shift  precedes  alkene 
elimination  in  the  proposed  mechanism  for  termination  of  a 
polymer  chain.   Reactions  of  1  with  alkenes  and  acetylene 
indicate  that  insertion  is  followed  rapidly  by  B-hydride 
shift.   However,  in  the  gas-phase  elimination  of  dihydrogen 
occurs  rather  than  elimination  of  an  alkene.   Thus,  at  least 
the  B-hydride  shift  step  occurs  in  the  absence  of  solvent 
and  supports  the  initial  step  in  the  proposed  chain 
termination  mechanism.   Elimination  of  H2  and  concomitant 
allyl  complex  formation  may  also  occur  for  Zeigler  catalysts 
and  perhaps  explains  the  formation  of  polymers  with  internal 
unsaturation.   In  addition,  formation  of  1  as  a  product  in 
the  reactions  of  2  with  isobutene  and  propyne  indicates  that 
a  B-methide  shift/alkene  elimination  process  occurs.   This 
B-methide  elimination  is  directly  analogous  to  the  B-hydride 
elimination  mechanism  proposed  for  chain  termination  in 
Zeigler  catalysis. 

Reinitiation  of  polymer  growth  in  Zeigler  catalysis  is 
proposed  to  occur  after  6-elimination  and  involves  a  hydride 
complex  such  as  Cp2ZrH+.   In  support  of  this  reinitiation 
mechanism,  the  reaction  of  Cp2ZrH+  with  ethylene  and 
propylene  in  the  gas-phase  indicates  that  insertion  of 
alkene  also  takes  place  for  this  reactant  ion. 

One  mechanism  proposed  for  deactivation  of  Zeigler 
catalysts  is  the  formation  of  binuclear  metal  complexes. 
While  binuclear  zirconium  complexes  produced  in  the  reaction 
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of  1  with  neutral  Cp2Zr(CH3)2  were  not  studied  in  detail, 
the  absence  of  insertion  or  addition  complexes  produced  from 
the  binuclear  species  suggests  that  deactivation  via 
binuclear  formation  is  a  reasonable  assertion. 

Zeigler  catalysts  are  generally  employed  in  the 
polymerization  of  vinyl  monomers  and  are  not  effective  in 
polymerization  of  internal  olefins.   Gas-phase  results  agree 
somewhat  with  the  lack  of  activity  for  internal  olefins. 
Insertion  of  trans  olefins  is  remarkably  inefficient  in  the 
gas-phase.   Insertion  of  cis  isomers  occurs  at  a  greater 
rate  than  trans  alkenes,  but  neither  isomer  reacts  as 
rapidly  as  any  of  the  vinyl  substrates. 

The  present  work  yields  at  least  one  new  consideration 
for  Zeigler  catalysis,  which  is  referred  to  above  and 
concerns  the  mechanism  for  production  of  polymers  with 
internal  unsaturation.   The  majority  of  reactions 
investigated  do  support  the  existing  proposed  mechanisms  and 
above  all  suggest  that  the  use  of  gas-phase  technigues  may 
prove  valuable  for  investigation  of  new  processes  involving 
active  species  with  ionic  nature. 

Carbon-Hydrogen  Activation  in  the  Absence  of  Solvent 

In  addition  to  the  information  obtained  regarding 
Zeigler-Natta  Catalysis,  the  present  work  also  suggests  that 
reactions  of  1  with  certain  alkenes  and  alkynes  occurs  via 
the  process  termed  a-bond  metathesis.   We  have  observed  the 
elimination  of  methane  in  the  reactions  of  1  with  a  number 
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of  alkenes  and  alkynes.   Moreover,  reaction  of  2.  with 
alkenes  and  alkynes  indicates  exclusive  loss  of  CD3H,  which 
is  consistent  with  the  mechanism  proposed  for  the  solution 
reactions  of  similar  electron  deficient  d°  and  d°fn 
organometallic  complexes. 

Carbon-hydrogen  activation  is  observed  in  reactions  of  1 
with  isobutene,  a-methylstyrene,  allene,  internal  alkenes 
and  alkynes  other  than  acetylene  and  diphenylacetylene.   The 
most  striking  results  were  obtained  in  the  reactions  of  1 
with  internal  olefins.   A  remarkable  preference  for  a-bond 
metathesis  over  insertion  is  observed  for  reaction  of  l  with 
trans  olefins.   The  cis  olefins  investigated  have  an 
opposite  preference,  albeit  less  specificity  is  noted  for 
these  isomers.   Nevertheless,  the  stereochemistry  of  the 
internal  alkenes  profoundly  effects  the  formation  of 
reaction  products. 

Interactions  of  Cp2ZrCH3+  with  Nitrile  Substrates 
The  reactions  of  1  with  nitriles  were  originally 
investigated  to  observe  the  effect  of  solvation  on  the 
insertion  reactions  of  alkenes.   Since  alkene  insertion  is 
characterized  by  high  exoergicity  and  leads  to  the 
elimination  of  H2 ,  we  reasoned  that  reaction  of  a 
mono-nitrile  adduct  of  1  with  an  alkene  might  result  in  the 
elimination  of  the  solvent  molecule  subseguent  to  insertion 
of  the  alkene.   In  principal,  this  would  allow  the 
observation  of  the  insertion  product,  because  the  excess 
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energy  generated  from  the  insertion  reaction  could  be 
eliminated  with  the  solvent  molecule.   However,  preliminary 
experiments  (without  the  use  of  a  pulsed  valve)  indicate 
that  reaction  of  ethylene  with  the  mono-nitrile  adduct  did 
not  occur  observably.   This  result  is  consistent  with  the 
mechanisms  proposed  for  Zeigler  catalysis,  because  an 
accessible  open  coordination  site  is  apparently  a 
prerequisite  for  the  coordination  of  alkene  prior  to 
insertion. 

The  addition  of  a  nitrile  molecule  to  1  did  not  lead  to 
an  observation  of  the  insertion  product;  however,  adduct 
formation  and  solvolysis  reactions  do  occur.   Therefore 
effort  was  concentrated  on  determining  the  nature  of  these 
reactions  by  studying  a  series  of  n-alkyl  nitriles, 
benzonitrile  and  trimethylacetonitrile. 

Insertion  and  deinsertion  occur  readily  for  all  nitrile 
substrates  studied  except  trimethylacetonitrile.   In 
addition,  two  isomers  are  formed  from  reaction  of  1  with  a 
single  nitrile  molecule.   The  isomers  are  distinguished  by 
further  reactions.   In  some  cases,  elimination  of  an  alkene 
is  observed  and  the  mechanism  of  the  reaction  is  likened  to 
that  proposed  for  the  solution  reactions  of  aluminum  alkyls 
with  nitriles. 

Conclusion 

One  of  the  goals  of  the  present  work  is  to  establish 
that  the  study  of  appropriate  gas-phase  organometallic 
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complex  ions  can  yield  information  and  insight  on  the 
reactions  of  analogous  complexes  in  condensed  phase.   Indeed 
many  of  the  reactions  observed  for  1  with  alkenes,  alkynes 
and  nitriles  are  similar  to  reactions  of  analogous  d°  and 
d°fn  complexes  in  solution.   The  lack  of  d  electrons  for  1 
limits  the  number  of  plausible  mechanistic  pathways 
available  and  hopefully  lends  some  credibility  to  the 
mechanisms  proposed.   These  results  should  aid  in 
establishing  gas-phase  technigues  as  a  viable  means  for 
obtaining  an  understanding  of  the  intrinsic  reactivity  of 
organometallic  complex  ions  and  an  alternative  and  useful 
perspective  for  those  who  work  in  the  condensed  phase. 
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MOO 

■ 

DIR 

08L 

OMC 

3 

1, 

,888 

msec 

CMD 

= 

1 

,868 

msec 

BEM 

= 

5, 

,888 

msec 

DL1 

■ 

3 

.888 

msec 

ET1 

= 

18 

,812 

msec 

DL5 

= 

18 

,888 

msec 

TTX 

= 

567 

,685 

Usee 

DL6 

= 

280 

.888 

Usee 

TRX 

= 

21 

.734 

msec 

NDP 

= 

16384 

NSW 

■ 

188 

LMA 

■ 

38 

.880 

amu 

RMA 

=s 

688 

.868 

Amu 

EMS 

= 

45 

.888 

nA 

VTR 

= 

1. 

080    V 

VNB 

= 

5, 

,008    V 

VBM 

=3 

-11. 

000    V 

ELI 

= 

231. 

563    KHz 

EH1 

■ 

2, 

,234   MHz 

LOF 

= 

49, 

, 174    KHz 

HIF 

■ 

371 

,253    KHz 

BWI 

=S 

388, 

,952    KHz 

DEL 

= 

280 

.008    He 

ZFL 

t= 

2. 

NIN 

IT 

180  . 

PRI 

■ 

4.9 

x   ie-» 

PRF 

11 

4.9 

x  ie-» 

EMC 

33 

35 

.008    nA 

TRG 

= 

9. 

AT6 

= 

8. 

,    dB 

FDB 

E 

761, 

,578 

KHz 

ESI 

m 

288, 

,888 

Hz 

ATI 

E 

6, 

,    dB 

SWR 

■ 

567 

,436 

Hz 

AT  5 

= 

12 

,    dB 

TPZ 

■ 

.608 

deg. 

TIM 

■ 

42 

.514 

msec  . 

DWL 

E 

1 

.313 

Usee. 

FNC 

E 

7 

MFV 

E3 

1 

.936 

TesU 

TTL 

IS 

MED.    RES.    SP 

MOD 

2 

DIR  TPL 

ONC 

= 

1.688 

msec 

QND 

= 

i.eee 

msec 

BEM 

■ 

5.686 

msec 

DL1 

— 

3.866 

msec 

ET1 

" 

18.612 

msec 

DL2 

■ 

3.888 

msec 

ET2 

= 

4.389 

msec 

DL5 

■ 

18.686 

msec 

TTX 

S 

567.685 

Usee 

DL6 

= 

200.068 

Usee 

TRX 

= 

2 1 . 734 

msec 

NDP 

■ 

16384 

NSW 

■ 

100 

LMA 

= 

80.008 

imu 

RMA 

= 

686.666 

amu 

EMS 

z= 

45.888 

nA 

SPECTRUM  OF  CP2ZRCH3+  WITH  EJECTION  OF  CP2ZR*  AND  LOW  MASSES 


VTR 

= 

1 

,688    V 

VNB 

= 

5 

,866    V 

VBM 

= 

-11, 

.866    V 

ELI 

■ 

231, 

,563    KHz 

EH1 

■ 

2 

.234   MHz 

EL2 

■ 

138, 

,754    KHz 

EH2 

■ 

135 

,862    KHz 

LOF 

= 

49, 

, 174    KHz 

HIF 

■= 

371, 

,253   KHz 

BWI 

■ 

380. 

,952    KHz 

DEL 

■ 

286, 

.000    Hec 

ZFL 

■ 

2. 

NIN 

= 

108. 

PRI 

= 

4.9 

x    10-» 

PRF 

«= 

4.9 

x   ie-» 

EMC 

= 

35, 

,000    nA 

TRG 

■ 

0 

AT  6 

= 

0 

,    dB 

FDB 

= 

761 

.578 

KHz 

ESI 

= 

200 

.000 

Hz 

ATI 

■ 

0 

,    dB 

ES2 

E 

1 

.068 

Hz 

AT  2 

E 

25 

,    dB 

SWR 

■ 

567 

,436 

Hz 

AT  5 

= 

12 

,    dB 

TPZ 

■ 

,680 

deg. 

TIM 

E 

46 

.823 

msec  . 

DWL 

= 

1 

,313 

Usee. 

FNC 

" 

7, 

MFV 

SE 

1 

.936 

TesU 
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TTL 

= 

REAXN    OF    CP2ZRCH3 

♦    WITH 

CIS- 

-2-BUTENE 

MOD 

= 

DIR    CID 

GNC 

■ 

i.eee 

msec  . 

VTR 

= 

1 

,888 

K> 

OND 

= 

1  .806 

msec  . 

VNB 

= 

5. 

.888 

V 

BEM 

= 

5.889 

msec  . 

VBM 

= 

-11, 

.888 

V 

OL1 

■ 

3.888 

msec  . 

ET1 

= 

18.812 

msec  . 

ELI 

= 

231, 

,563 

KHz 

EH1 

= 

2, 

,234 

MHz 

DL2 

= 

3.888 

msec  . 

ET2 

=* 

4.389 

msec  . 

EL2 

= 

138, 

.754 

KHz 

EH2 

= 

135 

.862 

KHz 

DL3 

= 

588.888 

msec  . 

ET3 

■ 

4.467 

msec  . 

EL3 

■ 

99, 

.288 

KHz 

E'/3 

= 

188 

,223 

KHz 

DL5 

'= 

488.888 

msec  . 

TTX 

= 

567.685 

Usee. 

LOF 

■ 

49, 

.174 

KHz 

HIF 

= 

371 

,253 

KHz 

DL6 

• 

288.888 

Msec. 

BWI 

= 

388, 

.952 

KHz 

TRX 

= 

21.734 

msec  . 

DEL 

M 

288 

.888 

Msec 

NOP 

=: 

16384 

ZFL 

■ 

2, 

NSW 

■ 

288 

NIN 

XX 

288, 

LMA 

= 

88.808 

jmu 

PRI 

3 

3.9 

x  ie-» 

RMA 

zz 

688.888 

MMJ 

PRF 

=X 

3.9 

x     18-' 

EMS 

= 

45.888 

nA 

EMC 

=3 

35, 

,888 

nA 

(PRODUCT    DISTRIBUTION) 

TRG   »  8. 

AT6   •=  8  .    dB 

FDB  ■    76  1.578    KHz 

ESI    =    288.888    Hz 
ATI    =  8.    dB 


ES2  = 

1.888    Hz 

AT2   - 

25.    dB 

ES3  ■ 

2.088    Hz 

AT3  - 

25.    dB 

SWR  =■    567.436    Hz 
AT5  =  12.    dB 

TPZ    ■  .888    deg. 

TIM  =    554.298    msec, 

DWL   ■         1.313    Usee, 
FNC   ■  6. 


MFV 


1.936   TesU 


.EPL 

TTL 

= 

REAXN    OF    CP2ZRCH3 

+    WITH 

CIS- 

-2-PENTENE 

MOD 

= 

DIR    CID 

GNC 

■ 

i.eee 

msec  . 

VTR 

= 

1 

.eee 

y 

OND 

IS 

l  .eee 

msec  . 

VNB 

M 

5 

.888 

V 

BEM 

= 

le.eee 

msec  . 

VBM 

= 

-11 

,888 

V 

DLI 

= 

3.888 

msec  . 

ET1 

■ 

18.812 

msec  . 

ELI 

= 

231 

,563 

KHz 

EH1 

= 

2 

.234 

MHz 

DL2 

■ 

3. eee 

msec  . 

ET2 

= 

4.389 

msec  . 

EL2 

* 

130 

,754 

KHz 

EH2 

= 

135 

,862 

KHz 

DL3 

■ 

788. eee 

msec  . 

ET3 

■ 

7.852 

msec  . 

EL3 

■ 

91, 

,357 

KHz 

EH3 

= 

114, 

,912 

KHz 

DL5 

— 

see. eee 

msec  . 

TTX 

= 

638.285 

Msec. 

LOF 

= 

49, 

,  174 

KHz 

HIF 

=3 

457, 

,813 

KHz 

DL6 

■ 

208  .383 

Msec. 

BWI 

=1 

478  , 

,588 

KHz 

TRX 

rr 

17.632 

msec  . 

DEL 

= 

268, 

008 

Msec. 

NOP    ■  16384. 

nsw  =  see. 

LMA   =  65. eee    amu 

rma  »  6ee.eee  amu 

EMS   =  45.888    nA 


(PRODUCT    DISTRIBUTION) 

TRG   -  8.     . 

AT6   =  12.    dB 

FDB   =    423.812    KHz 

esi  «=  2ee.eoe  hz 


ZFL  =        2. 
NIN  ■      303. 
PRI  ■  3.9  x  10-» 
PRF  -  3.9  x  18-* 
EMC  »   35.066  nA 


ATI  = 

ES2  «« 

AT2  - 

ES3  ■ 
AT3  = 


12.  dB 

i.eee  Hz 

24.  dB 

3. eee  Hz 

27.  dB 


SWR  ■  638.962  Hz 
AT5  =       12.  dB 
TPZ  =     .000  deg. 
TIM  =  758.644  msec, 

DWL   »  1  .063    Usee. 

FNC   =  6. 


MFV 


1.936   Tesla 
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TTL   = 

CID    OF    CP2ZRCH3' 

» 

MOD    = 

DIR    CID 

ONC    = 

1.608 

msec  . 

V/TR 

■ 

1.888    V 

TRG   ■ 

8  . 

QND    - 

1.809 

msec  . 

VNB 

3 

5.888    V 

AT6   = 

12. 

dB 

BEM    « 

5.888 

msec  . 

VBM 

a 

-1 1.688    V 

FOB   - 

423. 

812 

KHz 

DL1    - 

3.088 

msec  . 

ET1    - 

16.812 

msec  . 

ELI 

o 

231 .563    KHz 

ESI    - 

200. 

008 

Hz 

EH1 

a 

2.234   MHz 

ATI    - 

12. 

dB 

DL2  - 

3.888 

msec  . 

ET2  » 

6.121 

msec  . 

EL2 

= 

183.567   KHz 

ES2  ■ 

30. 

.800 

Hz 

EH2 

s= 

367.283   KHz 

AT2   = 

20. 

.    dB 

DL3  = 

3.888 

msec  . 

ET3  - 

288.888 

fsec  . 

EL3 

= 

132.276   KHz 

ES3  = 

.008 

Hz 

EH3 

H 

132.276    KHz 

AT3   = 

20. 

.    dB 

DL5  = 

66.088 

msec  . 

TTX  = 

629.787 

fsec. 

LOF 

rs 

98.725   KHz 

SWR   = 

629 

.425 

Hz 

HIF 

S3 

495.  129    KHz 

ATS   = 

12 

.    dB 

DL6  ■ 

208.888 

l»sec. 

BWI 

S3 

568.080    KHz 

TPZ    ■ 

.000 

deg. 

TRX  - 

16.667 

msec  . 

DEL 

S3 

268.868    Usee. 

TIM  = 

49 

.77Q 

msec . 

NDP  - 

16384 

* 

ZFL 

S3 

2. 

DWL  ■ 

1 

.008 

I'sec. 

NSW  » 

1668 

. 

NIN 

S3 

1000. 

FNC  » 

10 

• 

LMA  •» 

66.668 

imu 

RMA  » 

368.668 

amu 

MFV  ■ 

1 

.936 

TesU 
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TTl   ■    ISOLATION   OF     1-PENTENE    PRODUCTS    FOR    CID    (WITHOUT    FINAL    CID    PULSE) 


MOD   = 

DIR    CID 

OMC   = 

l.oee 

msec  . 

VTR 

■ 

1   . 

806 

U 

TRG 

= 

e . 

QND   ■ 

i.eee 

msec  . 

VN8 

= 

5. 

086 

V 

AT  6 

■ 

6. 

dB 

BEM   = 

s.eee 

msec  . 

YBM 

= 

-1  1, 

,688 

K> 

FD8 

= 

761. 

573 

KHz 

DL1    = 

3.608 

msec  . 

ET1    ■ 

16.812 

msec  . 

ELI 

= 

231  , 

,563 

KHz 

ESI 

=3 

288, 

068 

Hz 

EH1 

= 

2 

.234 

MHz 

ATI 

= 

8. 

d8 

DL2  = 

3.688 

msec  . 

ET2  = 

4.38? 

msec  . 

EL2 

= 

138. 

.754 

KHz 

ES2 

■ 

1 

.666 

Hz 

EH2 

r= 

135 

.862 

KHz 

AT  2 

= 

25, 

,    dB 

DL3  = 

688.688 

msec  . 

ET3  = 

5.321 

msec  . 

EL3 

r= 

128 

.322 

KHz 

ES3 

a 

3 

.608 

Hz 

EH3 

= 

136 

.285 

KHz 

AT  3 

r= 

24, 

,    dB 

DL5  ■ 

50  .008 

msec  . 

TTX  ■ 

567.665 

Usee. 

LOF 

= 

4? 

.  174 

KHz 

SWR 

=3 

567 

.436 

Hz 

HIF 

■ 

371 

.253 

KHz 

ATS 

= 

12 

.    dB 

DL6   = 

268.668 

Usee. 

BWI 

= 

386 

.952 

KHz 

TP2 

= 

.606 

deg. 

TRX  ■ 

21.734 

msec  . 

DEL 

= 

288 

.888 

Usee. 

TIM 

= 

655 

.  144 

msec  . 

NDP   = 

16384 

. 

2FL 

=: 

2 

, 

DWL 

M 

1 

.313 

Usee. 

NSW   = 

266 

. 

NIN 

= 

181 

. 

FNC 

= 

5 

. 

LMA   = 

68.668 

amu 

RMA    «= 

688.888 

Amu 

MFV 

C3 

1 

.936 

Test  a 

TTL   ■    ISOLATION  AND   CID   OF    l-PENTENE    PRODUCTS 


MOO 

= 

DIR   GPS 

CMC 

= 

i.eee 

msec  . 

VTR 

= 

1.886 

U 

TRG 

=3 

e. 

OND 

■ 

i.eee 

msec . 

UNB 

= 

5.000 

V 

AT  6 

= 

6  . 

dB 

BEM 

= 

5.668 

msec  . 

VBM 

■ 

-1  1  .000 

V 

FD8 

■ 

761 

.578 

KHz 

DL1 

= 

3.688 

msec  . 

ET1 

z= 

10.812 

msec  . 

ELI 

= 

231.563 

KHz 

ESI 

■ 

266 

.666 

Hz 

EH1 

■ 

2.234 

MHz 

ATI 

■ 

6, 

dB 

DL2 

= 

3.866 

msec  . 

ET2 

■ 

4.389 

msec  . 

EL2 

= 

130.754 

KHz 

ES2 

= 

1 

.688 

Hz 

EH2 

■ 

135.662 

KHz 

AT  2 

= 

25. 

.    dB 

DL3 

= 

666.668 

msec  . 

ET3 

= 

5.321 

msec  . 

EL3 

■ 

128.322 

KHz 

ES3 

= 

3 

.688 

Hz 

EH3 

=3 

136.285 

KHz 

AT  3 

= 

24, 

,    dB 

DL4 

■ 

3.668 

msec . 

ET4 

= 

268.886 

Usee. 

EL4 

= 

97.652 

KHz 

ES4 

= 

.608 

Hz 

EH4 

S= 

97.652 

KHz 

AT  4 

= 

22 

.    dB 

ET5 

= 

68.881 

Usee. 

ELS 

■ 

.886 

Hz 

ES5 

= 

.866 

Hz 

EH5 

= 

.886 

Hz 

AT  4 

= 

22 

.    dB 

ET6 

=1 

68.661 

Msec  . 

EL6 

= 

.868 

Hz 

ES6 

=r 

.806 

Hz 

EH6 

= 

.806 

Hz 

AT  4 

= 

22 

.    dB 

DL5   =      58  .880   msec . 
TTX   =    567.685    Usee . 

DL6  ■    200.000    Usee. 
TRX  =      21.734   msec. 


LOF  »  49.  174  KHz 
HIF  =  371 .253  KHz 
BWI  =  386.952  KHz 
DEL   =    288.000    Usee, 


SWR    =    567.436    Hz 
AT5   ■  12.    dB 

TP2    =  .000    deg. 

TIM   =    649.623   msec . 


NDP   =          16384. 
NSW   =            1088. 
LMA  =      80.080    amu 

2FL   - 

NIN  ■ 

2 

1000 

RMA   =    600.066    amu 

DWL   = 
FNC   ■ 

MFV   = 


1  .313   Usee . 
5. 

1.936   Tesla 
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